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FOREWORD 

This is the final report of a study performed by Union 
Carbide Corporation, Linde Division under Contract No. SNPC-41. 
The contract work was performed under the technical direction of 
Mr. Paul M. Ordin, Space Nuclear Propulsion Office Cleveland 
Extension. 

The study was conducted during the period from Novem- 
ber 4 ,  1965 to April 29, 1966 by Mr. C. R. Baker, Mr. J. D. Brunt, 
Mr. C. F. Fails, who also served as Project Manager, and Mr. R. A .  
Pike. Dr. G. A .  Cook and Dr. L. C. Matsch served as special con- 
sultants and Mr. L. C. Kun contributed the appendix on hydrogen 
compression equipment. 
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SECTION 1 

I 

I 

T hJTRODUCTION 

The Space Nuclear Propuls ion  O f f i c e  of t h e  United S t a t e s  Atomic 
Energy Commission and t h e  Nat iona l  Aeronautics and Space Admin i s t r a t ion  
p l ans  t h e  c o n s t r u c t i o n  of a n u c l e a r  rocke t  p ropu l s ion  module t e s t  complex 
a t  t h e  Nuclear Rocket Development S t a t i o n ,  J ackass  F l a t s ,  Nevada f o r  t h e  
ground t e s t i n g  of  l a r g e  NERVA engine systems. Tests a t  t h i s  complex, t o  
be known a s  Eng ine l s t age  Test Stand 2 - 3 ,  w i l l  use  l a r g e  q u a n t i t i e s  of 
hydrogen a s  conven t iona l  l i q u i d ,  a s  subcooled l i q u i d  o r  a s  a mix tu re  of 
s o l i d  and l i q u i d ,  t h e  s o - c a l l e d  "slush hydrogen". 

Under Cont rac t  SNPC-41 Union Carbide Corpora t ion ,  Linde D i v i s i o n ,  
has  completed a s tudy  of t h e  t e c h n o l o g i c a l ,  economic, and l o g i s t i c  f a c t o r s  
r e l a t i n g  t o  t h e  manufacture and d i s t r i b u t i o n  of s l u s h  hydrogen i n  o rde r  t o  
recommend a system t o  s a t i s f y  t h e  requirements of t h e  Nuclear Rocket T e s t  
Program proposed f o r  t h e  above complex. 

Under t h e  terms of t h i s  c o n t r a c t ,  c e r t a i n  o b j e c t i v e s  were 
e s t a b l i s h e d .  They can  be summarized a s  fo l lows:  

1. To review t h e  f ind ings  of prev ious  work on s l u s h  hydrogen, 
updat ing  t h e s e  t o  i n c o r p o r a t e  t h e  p re sen t  s t a t e - o f - t h e - a r t  and any novel 
approaches .  

2 .  To de termine  i f  s l u s h  p roduc t ion  i s  l i m i t e d  t o  "on-board" 
tankage o r  i f  d i s t r i b u t i o n  of s l u s h  from a f a c i l i t y ,  e i t h e r  ad jacen t  t o  
t h e  test  s i t e  o r  a t  a remote l i q u i d  hydrogen p l a n t ,  i s  f e a s i b l e .  

3 .  To de termine  t h e  most a t t r a c t i v e  c y c l e  and t o  d e f i n e  t h e  
s i z e ,  l o c a t i o n  and o p e r a t i n g  requirements of a p l a n t  t o  s a t i s f y  t h e  s l u s h  
hydrogen requi rements  of t h e  Nudear Rocket Test Program. 

4.  To produce a conceptua l  des ign  of t h i s  p l a n t ,  i n c l u d i n g  
l a y o u t s ,  f l owshee t s ,  p r o j e c t  schedules ,  and c o s t  e s t i m a t e s .  

Th i s  r e p o r t  r eco rds  t h e  work done by t h e  Linde Div i s ion  i n  
p u r s u i t  of t h e s e  o b j e c t i v e s .  

. 
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I 
The system recommended in this report is an 18 ton per day 

plant using the straight vacuum pumping process and located within the 
Jackass Flats Complex. It must be recognized that this is a recommended 
solution to the very specific problem posed by the contract statement of 
work. 

If NASA's slush hydrogen requirements expand beyond the program 
discussed in this report, it is likely that production at commercial liquid 
hydrogen plants with flexible distribution systems will be required. This 
will require more sophisticated processes and techniques than those used in 
the present study and will require considerable development effort. 

The final section of this report contains recommendations for 
development programs to raise the state-of-the-art in slush production and 
distribution above the level necessary to solve the immediate problem. 
Successful completion of these programs would permit commercial production 
and distribution of slush on a scale comparable to liquid hydrogen. 

t 
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SECTION 2 

SUMMARY 

2 . 1  REVIEW OF PROPOSED PROCESSES 

Through a review of t h e  a v a i l a b l e  l i t e r a t u r e ,  t h e  number of 
proposed p rocesses  f o r  t h e  product ion  of s l u s h  hydrogen was reduced t o  
f o u r .  Other proposed processes  were found t o  be t h e o r e t i c a l l y  unsound 
o r  economically q u i t e  u n a t t r a c t i v e .  The fou r  p rocesses  which mer i ted  
f u r t h e r  c o n s i d e r a t i o n  a r e  : 

1. S t r a i g h t  vacuum pumping 

2 .  Cascade vacuum pumping 

3 .  Exte rna l  helium r e f r i g e r a t i o n  

4 .  Helium-hydrogen vapor r e c i r c u l a t i o n  

These fou r  p rocesses  are  reviewed i n  S e c t i o n  3 .  

2 . 2  THE NUCLEAR ROCKET TEST PROGRAM 

On August 25, 1965, t h e  Space Nuclear P ropu l s ion  O f f i c e  i s s u e d  
a document, " C r i t e r i a  f o r  Budgetary Study f o r  Engine/Stage T e s t  Stand 2-3". 
Using t h i s  as a gu ide ,  c e r t a i n  c r i t e r i a  were e s t a b l i s h e d  t o  d e f i n e  t h e  
s l u s h  hydrogen requi rements  o f  t h e  p r e s e n t  t es t  program. These c r i t e r i a ,  
g i v e n  i n  S e c t i o n  4 ,  def ined  t h e  p re sen t  problem and t h e  remainder 03 t h i s  
r e p o r t  i s  a s o l u t i o n  t o  t h i s  spec i f ic  problem only .  It must be  emphasized 
t h a t  any s i g n i f i c a n t  change i n  t h e s e  c r i t e r i a  o r  an  improvement i n  t h e  
p r e s e n t  s t a t e - o f - t h e - a r t  might lead t o  a r a d i c a l l y  d i f f e r e n t  s o l u t i o n .  

2 . 3  APPLICATION OF PROPOSED PROCESSES 

Using t h e  e s t a b l i s h e d  c r i t e r i a ,  material  and h e a t  ba l ances  
were made f o r  t h e  f o u r  proposed p rocesses .  These i n d i c a t e d  t h a t  on ly  
s t r a i g h t  vacuum pumping and t h e  e x t e r n a l  helium r e f r i g e r a t i o n  p rocesses  
m e r i t e d  f u r t h e r  s t u d y .  Sec t ions  5 and 6 c o n t a i n  a p re l imina ry  economic 
e v a l u a t i o n  of t h e s e  processes  w i t h  an e v a l u a t i o n  of t h e  l o g i s t i c  r e q u i r e -  
ments and problems. There were i n d i c a t i o n s  i n  t h e  l i t e r a t u r e  t h a t  s l u s h  
c o n t a i n i n g  more t h a n  50% s o l i d s  would n o t  have a c c e p t a b l e  t r a n s p o r t  
c h a r a c t e r i s t i c s .  Thus, 50% q u a l i t y  w a s  adopted a s  a s t a n d a r d .  
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2 .4  SELECTION OF THE SYSTEM 

The economic and technical evaluations mentioned above were 
used to define a system considered most likely to meet the requirements 
of the current test program criteria. The recommended system (see 
Section 7) can be summarized as follows: 

"A plant to produce 660,000 lbs. per month of 50% slush 
hydrogen from 1iqiiTd para-hydrogen feed , using the straight vacuum pumping 
process and located in the E/STS 2-3 complex adjacent to the bulk liquid 
hydrogen storage". 

Several special techniques within the straight vacuum pumping 
process are discussed in Secfion 8. These include cryogenic versus ambient 
vacuum pumps, mechanical cryst breakers and the "freeze-thaw" technique. 

2.5 CONCEPTUAL DESIGNS 

Sections 9 ,  10 and 11 of this report are devoted to conceptual 
designs of two systems. Layouts, flowsheets, and plot plans are included 
for plants using both cold and warm vacuum pumps and provision is made 
for both mechanical crust-breaking and the "freeze-thaw" technique. 

Section 12 contains a preliminary concept of the slush storage 
requirements of the test facility. Operating features are discussed in 
Section 13. 

2 . 6  COST AND SCHEDULE ESTIMATES 

Estimates of the capital and operating costs for these two 
plants are presented in Section 14, together with a construction schedule. 

It is estimated that the system using the cold vacuum pump 
would cost $767,000 and require 20 months to design and construct. For 
the warm vacuum pump, the comparable figures are $884,000 and 20 months. 

These costs and schedules are for plants designed, fabricated, 
and installed to commercial standards. It is assumed that the necessary 
development and pilot plant work will be completed before the design of the 
plant begins. 

2.7 PROBLEM AREAS AND RECOMMENDATIONS 

During this study, a number of areas were found in which design 
efforts were running ahead of the state-of-the-art. Section 15 discusses 
the problem areas and contains recommendations for Research and Develop- 
ment programs to remedy these defects. 

I 
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SECTION 3 

REVIEW OF PROPOSED SLUSH HYDROGEN PRODUCTION PROCESSES 

A review of t h e  l i t e r a t u r e  r evea led  t h a t  v i r t u a l l y  a l l  t h e  
proposed p rocesses  f o r  conver t ing  l i q u i d  hydrogen i n t o  hydrogen s l u s h  
are conta ined  i n  U.  S .  A i r  Force Technica l  Documentary Report APL-TDR-64-22. 
T h i s  work was reviewed and t h e  va r ious  p roposa l s  were reduced t o  f i v e  
which seemed t o  war ran t  f u r t h e r  s tudy .  

A l l  t h e  proposed processes  r e q u i r e  t h e  a d d i t i o n  of r e f r i g -  
e r a t i o n  t o  l i q u i d  hydrogen, us ing  e i t h e r  hydrogen, helium o r  a mixture  
of bo th  t o  provide  t h e  r e f r i g e r a t i o n .  The p rocesses  of i n t e r e s t  employ 
vacuum pumping (both  s t r a i g h t  and cascaded) ,  e x t e r n a l  helium r e f r i g e r a t i o n ,  
r e c i r c u l a t i o n  of a helium-hydrogen mix tu re  and i s e n t r o p i c  expansion of 
l i q u i d  hydrogen. 

A s  an  i n t r o d u c t i o n  t o  the  body of t h i s  r e p o r t ,  t h e  f i v e  p rocesses  
a r e  summarized below. These b r i e f  summaries a r e  not  d i r e c t l y  r e l a t e d  t o  
t h e  immediate problem bu t  c o n s t i t u t e  on ly  a review of p a s t  work. 

i 

3 . 1  STRAIGHT VACUUM PUMPING 

Th i s  i s  a b a t c h  p rocess  i n  which a c o n t a i n e r  of l i q u i d  para-  
hydrogen i s  vacuum pumped u n t i l  t he  r e f r i g e r a t i o n ,  produced by evapora t ion  
of t h e  vacuum-pumped hydrogen, coo l s  t h e  l i q u i d  t o  i t s  t r i p l e  p o i n t  and 
p a r t i a l l y  s o l i d i f i e s  i t .  The r e s i d u a l  mater ia l  i n  t h e  c o n t a i n e r  i s  t h e  
product  s l u s h  hydrogen. The process  i s  i l l u s t r a t e d  i n  F igure  1. 

Process  c a l c u l a t i o n s  were conducted i n  t h e  manner i l l u s t r a t e d  
i n  Techn ica l  Documentary Report APL-TDR-64-22. The process  w a s  assumed 
t o  c o n s i s t  of a s e r i e s  of s m a l l  bu t  f i n i t e  i s e n t r o p i c  expansions between 
t h e  normal atmospheric b o i l i n g  p o i n t  and t h e  t r i p l e  p o i n t ,  followed by 
a n o t h e r  i s e n t r o p i c  expansion a t  t h e  t r i p l e - p o i n t  tempera ture  and p r e s s u r e  
as t h e  s l u s h  i s  formed. The s p e c i f i c  mass requi rement  (SMR) was de f ined  
as t h e  mass r e q u i r e d  t o  produce a u n i t  q u a n t i t y  of f i n a l  m a t e r i a l  and 
v a l u e s  are l i s t e d  i n  Table  1 of t h e  c i t e d  r e p o r t  f o r  producing l i q u i d  
hydrogen a t  i t s  t r i p l e  p o i n t  and s o l i d  hydrogen a t  i t s  t r i p l e  p o i n t .  
These v a l u e s  a r e  a s  fo l lows:  

i 

= 1.12269 
sMRot Liquid a t  t r i p l e  p o i n t :  

S o l i d  a t  t r i p l e  p o i n t :  SMR 
oq 

1.26778 
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FIGURE 1 
I 1  

I 

I STRAIGHT VACUUM PUMPING PROCESS EQUIPMENT 
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The SMR f o r  complete s o l i d i f i c a t i o n  of hydrogen from t r i p l e  p o i n t  
l i q u i d  i s :  

SMR = 1.12923 

and f o r  product ion  of 50% s l u s h  from t r i p l e  p o i n t  l i q u i d ,  

t q  

S M R  (q = 50%) 
t q  

1 + 50 
100 
- (1.12923- 1) 1.06462. 

To produce 50% s l u s h  hydrogen from l i q u i d  hydrogen a t  i t s  atmospheric  
b o i l i n g  p o i n t  t h u s  r e q u i r e s :  

SMR (q = 50%) = (1.12269) (1.06462) = 1.19523. 
oq 

3 - 2  CASCADED VACUUM PUMPING 

The cascaded vacuum pumping method i s  a cont inuous p r o c e s s  i n  
which l i q u i d  para-hydrogen i s  fed s u c c e s s i v e l y  t o  s e v e r a l  c o n t a i n e r s ,  
each c o n t a i n e r  be ing  maintained a t  a lower p r e s s u r e  l e v e l  t h a n  t h e  
preceding  c o n t a i n e r  by means o f  a series of  vacuum pumps. The f i n a l  
c o n t a i n e r  c o n s t i t u t e s  t h e  s lush-producing s t a g e  and t h e  product  s l u s h  
hydrogen i s  d ischarged  cont inuous ly  from i t .  This  process  i s  shown i n  
F i g u r e  2 .  

The s t r a i g h t  vacuum pumping b a t c h  p r o c e s s  has  a n  i n h e r e n t l y  
h i g h e r  thermodynamic e f f i c i e n c y  t h a n  t h e  cont inuous  cascaded vacuum 
pumping process  because t h e  p r e s s u r e  above t h e  l i q u i d  hydrogen i s  reduced 
g r a d u a l l y  and cont inuous ly  and, t h e r e f o r e ,  i n  a more r e v e r s i b l e  manner. 
P r e s s u r e  r e d u c t i o n  i n  t h e  cascaded vacuum pumping process  occurs  i n  a 
se r ies  of  d i s c r e t e  i r r e v e r s i b l e  s t e p s  and can  approach t h e  e f f i c i e n c y  of  
t h e  s t r a i g h t  vacuum pumping process  only by t h e  use  of  a very  l a r g e  
number of s t a g e s .  

3.3 EXTERNAL HELIUM REFRIGERATION SYSTEM 

Manufacture of s l u s h  by r e f r i g e r a t i o n  produced i n  a n  "externa l"  
c y c l e  u s i n g  hel ium as t h e  working f l u i d  i s  shown i n  F igure  3 .  I n  t h i s  
c y c l e ,  hel ium i s  compressed t o  a n  a p p r o p r i a t e  superatmospheric  p r e s s u r e  
and precooled  t o  a temperature  c l o s e  t o  t h a t  o f  hydrogen b o i l i n g  p o i n t  by 
means o f  l i q u i d  n i t r o g e n  and a c o u n t e r c u r r e n t  s t r e a m  o f  c o l d  low-pressure 
hel ium. The precooled hel ium i s  work-expanded t o  a temperature  below t h e  
t r i p l e  p o i n t  of  hydrogen and h e a t  exchanged w i t h  t h e  l i q u i d  t r i p l e - p o i n t  
hydrogen t o  produce a s l u s h .  The helium i s  t h e n  used t o  subcool  t h e  
l i q u i d  hydrogen between t h e  feed temperature  and t h e  t r i p l e  p o i n t ,  fol lowed 
b y  i t s  r e t u r n  t o  ambient temperature  through t h e  aforementioned h e a t  ex- 
change w i t h  t h e  compressed helium. Return of t h e  hel ium t o  t h e  i n l e t  of  
t h e  compressor completes t h e  c y c l e .  
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FIGURE 2 

CASCADE V A C U U M  PUMPING PROCESS EQUIPMENT 
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FIGURE 3 

HELIUM G A S  REFRIGERATOR COOLING, PROCESS EQUIPMENT 
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3 . 4  HELIUM-HYDROGEN VAPOR MIXTURE RECIRCULATION 

t 

I 

This  technique ,  shown i n  Figure 4 ,  produces s l u s h  by means of  
r e f r i g e r a t i o n  obta ined  i n  t h e  Joule-Thomson expansion of a mixture  of 
hel ium and hydrogen. 
compressed t o  a superatmospheric  p r e s s u r e  and precooled t o  about t h e  
l i q u i d  hydrogen b o i l i n g  p o i n t ,  t h e  f i n a l  s t a g e  of p r e c o o l i n g  be ing  
accomplished by h e a t  exchange w i t h  b o i l i n g  l i q u i d  hydrogen. The pre-  
cooled mixture  i s  f u r t h e r  cooled  by h e a t  exchange w i t h  low-pressure gas  
r e t u r n i n g  from t h e  s l u s h  chamber and i s  i s e n t h a l p i c a l l y  t h r o t t l e d  i n t o  
t h e  s l u s h  chamber t o  produce a hydrogen s l u s h  which i s  cont inuous ly  
withdrawn. The e q u i l i b r i u m  gas mixture  i s  warmed t o  ambient temperature  
i n  h e a t  exchange w i t h  t h e  compressed feed and r e t u r n e d  t o  t h e  compressor.  
Make-up i s  obta ined  from t h e  hydrogen evaporated i n  t h e  p r e c o o l e r ,  which 
i s  fed t o  t h e  compressor a f t e r  warming i n  h e a t  exchange w i t h  t h e  compressed 
feed . 

An a p p r o p r i a t e  mixture  of hel ium and hydrogen i s  

3.5 ISENTROPIC EXPANSION OF LIQUID HYDROGEN 

APL-TDR-64-22 a l s o  proposed a c y c l e  i n  which l i q u i d  hydrogen 
would have been compressed, t h e  h e a t  of compression and c y c l e  l o s s e s  
removed by hel ium r e f r i g e r a t i o n ,  and t h e  subcooled hydrogen l i q u i d  i s e n -  
t r o p i c a l l y  expanded t o  produce a mixture  of l i q u i d  and s o l i d  hydrogen. 
P a r t  of t h e  product  would have been used as t h e  s l u s h  o f  s u i t a b l e  com- 
p o s i t i o n ,  whi le  p a r t  of t h e  l i q u i d  would have been r e c i r c u l a t e d .  

Although t h e r e  i s  a g e n e r a l  d e a r t h  of  in format ion  regard ing  
l i q u i d  expansion machines, and a l s o  t h e  r e p o r t e d  e f f i c i e n c i e s  are  ex- 
t remely  low, t h e  c y c l e ,  a t  l e a s t  i n  p r i n c i p l e ,  i s  f e a s i b l e  w i t h  c e r t a i n  
l i q u i d s  (e .g .  C 0 2 ) .  

t h e  l i q u i d l s o l i d  hydrogen made t h i s  cycle u n f e a s i b l e  f o r  hydrogen s l u s h  
p r o d u c t i o n .  

Unfor tuna te ly ,  a s  i t  t u r n e d  o u t ,  t h e  thermodynamic behavior  of 

Based on d a t a  r e s u l t i n g  from a n  e a r l i e r  s tudy  of t h e  thermodynamic 
p r o p e r t i e s  of l i q u i d  and s o l i d  hydrogen performed a t  Lisrde Div is ion ,  
and on NBS Report No. 7987, a M o l l i e r  diagram and a temperature-entropy 
diagram w e r e  c o n s t r u c t e d  f o r  t h e  t r i p l e  p o i n t  r e g i o n  i n c l u d i n g  t h e  s o l i d ,  
s o l i d - l i q u i d ,  l i q u i d  r e g i o n .  

According t o  t h e s e  diagrams (F igures  5 a n d 6 ) ,  t h e  c y c l e  i s  
n o t  f e a s i b l e .  On both  diagrams, t h e  f r e e z i n g  curve ,  which s e p a r a t e s  
t h e  s i n g l e - p h a s e  l i q u i d  r e g i o n  from t h e  two-phase s o l i d - l i q u i d  reg ion ,  
has  a p o s i t i v e  s l o p e .  This  f a c t  does n o t  permit  a n  i s e n t r o p i c  p r e s s u r e  
r e d u c t i o n  t o  s t a r t  i n  t h e  l i q u i d  phase and end i n  t h e  s l u s h  r e g i o n .  
T h e r e f o r e ,  an expansion engine could no t  accept  l i q u i d  hydrogen and 
d i s c h a r g e  s l u s h  hydrogen. 
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SECTION 4 

SLUSH HYDROGEN REQUIREMENTS OF THE NUCLEAR ROCKET TEST PROGRAM 

The l i q u i d  hydrogen requirements of t h e  t e s t  program a t  Jackass  
F l a t s  a r e  d e f i n e d  i n  some d e t a i l  i n  " C r i t e r i a  f o r  Budgetary Study f o r  
Engine ls tage  Test  Stand 2-3" prepared by t h e  Space Nuclear Propulsior! 
O f f i c e  and i s s u e d  August 25, 1965. This document does n o t  c o n s i d e r  t h e  
use of s l u s h  hydrogen i n  t h e  program but s u f f i c i e n t  in format ion  i s  g i v e n  
t o  enable  some reasonable  assumptions t o  be  made. 

4 . 1  CRITERIA 

E a r l y  i n  t h e  s tudy s e v e r a l  c r i t e r i a  were adopted i n  order  t o  
d e f i n e  t h e  s l u s h  requirements  of  t h e  t e s t  program. These c r i t e r i a ,  which 
a r e  l i s t e d  below, have been maintained throughout .  

4 . 1 . 1  S l u s h  Q u a l i t y  

The q u a l i t y  of t h e  s l u s h  i s  d e f i n e d  a s  t h e  p e r  c e n t  s o l i d  by 
weight  i n  t h e  f l u i d .  

4 . 1 . 2  T e s t  Dura t ion  

An engine  r u n  o f  30 minutes a t  343 l b s .  per  second of 50% s l u s h  
i s  cons idered  a s  a normal t e s t .  An a d d i t i o n a l  10,000 l b s .  of s l u s h  w i l l  
be r e q u i r e d  f o r  engine  s t a r t - u p .  

4 . 1 . 3  Tes t  Frequency 

One normal t e s t  every 30 days i s  assumed. 

4 .1 .4  S lush  S t o r a g e  Capaci ty  

S u f f i c i e n t  tankage i s  assumed t o  s t o r e  105 p e r  c e n t  of t h e  t o t a l  
s l u s h  necessary  f o r  one s t a r t - u p  and normal t e s t .  

4 . 1 . 5  Liquid Hydrogen S t o r a g e  

It i s  assumed t h a t  convent ional  l i q u i d  hydrogen w i l l  be used f o r  
a l l  s u p p o r t  f u n c t i o n s  such as  cooldown of c ryogenic  components .. shutdown 
of t h e  r e a c t o r ,  p r o v i s i o n  o f  purge and p r e s s u r i z a t i o n  g a s ,  e t c .  

4 . i . 6  Tank Module 

Design of  t h e  tank  module t o  hold 266,000 l b s .  of s l u s h  (ice., 
same volume a s  230,000 l b s .  of convent ional  l i q u i d )  i s  assumed. 
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4.1.7 Product ion  System Capaci ty  

A product ion  system c a p a c i t y  o f  1500 l b s .  p e r  hour of  50% s l u s h  
has  been adopted f o r  t h e  d e t e r m i n a t i o n  of equipment s i z e s  and product ion  
c o s t s .  

4 .2  STATEMENT OF THE PROBLEM 

Using t h e s e  c r i t e r i a ,  t h e  e s s e n t i a l  problem presented  by t h i s  
c o n t r a c t  w a s  reduced t o  a s i n g l e  sentence - "Make a conceptua l  d e s i g n  f o r  
a system most l i k e l y  t o  accomplish t h e  accumulat ion of 660,000 l b s .  of 
50% s l u s h  hydrogen i n  a 30 day per iod  i n  s t o r a g e  tanks  a t  Jackass  F l a t s ,  
Nevada. " 

I n  g e n e r a l ,  where a l t e r n a t i v e s  w e r e  cons idered ,  t h e  t e c h n i c a l l y  
s i m p l e s t  and most developed s o l u t i o n  was adopted, u n l e s s  t h e  economics 
were most unfavorable .  Very l i t t l e  was known of  t h e  proposed d u r a t i o n  of 
t h e  t es t  program ( i . e . ,  t h e  t o t a l  amount of  s l u s h  t o  be produced) b u t  a 
reasonably  s h o r t  program was assumed. With t h i s  i n  mind, l o w  c a p i t a l  
investment  was g e n e r a l l y  favored over low o p e r a t i n g  c o s t  i n  making economic 
c h o i c e s .  
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SECTION 5 

APPLICATION OF PROPOSED PRODUCTION PROCESSES TO THE PRESENT PROGRAM 

It can be  seen  from t h e  d i s c u s s i o n  i n  S e c t i o n  3 t h a t  fou r  
proposed processes  m e r i t e d  f u r t h e r  c o n s i d e r a t i o n  i n  t h e  p r e s e n t  s tudy:  

1. S t r a i g h t  vacuum pumping 

2 .  Cascaded vacuum pumping 

3 .  E x t e r n a l  helium r e f r i g e r a t i o n  

4 .  Helium-hydrogen vapor r e c i r c u l a t i o n  

These processes  were evaluated us ing  t e c h n i c a l  f e a s i b i l i t y ,  
economics and c u r r e n t  s t a t e - o f - t h e - a r t  as p r i n c i p a l  f a c t o r  governing 
t h e  s e l e c t i o n  of t h e  optimum system, R e s u l t s  of t h e  e v a l u a t i o n  narrowed 
t h e  c h o i c e  t o  s t r a i g h t  vacuum pumping and e x t e r n a l  hel ium r e f r i g e r a t i o n .  
T h i s  does n o t  imply t h a t  a l l  a r e a s  of u n c e r t a i n t y  have been removed, and 
a c o n s i d e r a b l e  amount of  development w i l l  be r e q u i r e d ,  e i t h e r  b e f o r e  
c o n s t r u c t i n g  t h e  equipment o r  a f t e r  c o n s t r u c t i n g  b u t  b e f o r e  o p e r a t i n g  it  
as a product ion  u n i t .  Areas of u n c e r t a i n t y  t h a t  do  ex i s t  and f o r  which 
a d d i t i o n a l  in format ion  must be  obtained w i l l  be  c i t e d  i n  t h e  a p p r o p r i a t e  
s e c t i o n s  of  t h i s  r e p o r t .  

5 . 1  PRODUCTION SYSTEM CAPACITY 

Using t h e  c r i t e r i a  e s t a b l i s h e d  e a r l i e r ,  a product ion  c a p a c i t y  
of 1500 l b s .  p e r  hour o f  50% s l u s h  was used i n  comparing t h e  f o u r  p r o c e s s e s .  
T h i s  would provide  t h e  r e q u i r e d  660,000 l b s .  of  s l u s h  ( i - e . ,  one t e s t  f i r i n g )  
i n  a 30 day p e r i o d ,  o p e r a t i n g  24  hours p e r  day and 18.3 days i n  t h e  30 day 
p e r i o d .  An a d d i t i o n a l  3 o p e r a t i n g  days p e r  month w i l l  be  r e q u i r e d  t o  make 
al lowance f o r  d e t e r i o r a t i o n  i n  t h e  s l u s h  q u a l i t y  d u r i n g  s t o r a g e .  

5 . 2  STRAIGHT VACUUM PUMPING 

The s t r a i g h t  vacuum pumping process  i s  i l l u s t r a t e d  i n  F igure  7. 
L iquid  hydrogen i s  h e l d  i n  s t o r a g e  u n t i l  such t i m e  a s  i t  i s  withdrawn and 
d e l i v e r e d  t o  one of t h e  s l u s h  product ion t a n k s .  The t r a n s f e r  between t h e  
l i q u i d  hydrogen s t o r a g e  and t h e  s l u s h  product ion  t a n k  can  be  e f f e c t e d  by 
e i t h e r  e x e r t i n g  p r e s s u r e  i n  t h e  gas space of t h e  s t o r a g e  tank  o r  by a 
l i q u i d  hydrogen pump i n  t h e  t r a n s f e r  pipe l i n e .  Liquid hydrogen a r r i v e s  
i n  t h e  s l u s h  product ion  t a n k  s a t u r a t e d  a t  1 a t m .  p r e s s u r e .  The t r a n s f e r  
l i n e  v a l v e  i s  c l o s e d  and t h e  vacuum pump s t a r t e d .  Reduction i n  p r e s s u r e  
above t h e  l i q u i d  causes  some of t h e  l i q u i d  t o  evapora te ,  thereby  c o o l i n g  
t h e  remainder  of t h e  l i q u i d .  The process  i s  cont inued u n t i l  t h e  t r i p l e  
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p o i n t  o f  t h e  hydrogen i s  reached,  a f t e r  which cont inued pumping causes  
s o l i d i f i c a t i o n  of p a r t  of t h e  hydrogen. The vacuum pumped vapor  which 
evolves  from t h e  l i q u i d  i n  t h e  s l u s h  product ion tanks  i s  warmed by 
s u i t a b l e  means t o  t h e  r e q u i r e d  s u c t i o n  temperature  of  t h e  vacuum pump. 
The hydrogen gas  which exhaus ts  from the  vacuum pump i s  vented  from t h e  
p r o c e s s  t o  t h e  atmosphere, f l a r e d ,  o r  recovered.  

Upon reaching  t h e  d e s i r e d  s l u s h  q u a l i t y ,  t h e  vacuum pumping i s  
t r a n s f e r r e d  t o  t h e  a l t e r n a t e  product ion t a n k  which, i n  t h e  meanwhile, has  
been f i l l e d  w i t h  l i q u i d  hydrogen. During vacuum pumping on t h e  second 
s l u s h  t a n k ,  t h e  s l u s h  i n  t h e  f i r s t  tank i s  ag ing .  A f t e r  t h e  proper  aging 
p e r i o d ,  t h e  s l u s h  i s  t r a n s f e r r e d  t o  s t o r a g e  and t h e  f i r s t  p roduct ion  
tank  a g a i n  f i l l e d  w i t h  l i q u i d ,  thereby  completing t h e  c y c l e .  

From t h e  process  c a l c u l a t i o n s  of paragraph 3.1, a product ion  
ra te  of  1500 l b .  p e r  hour of 50% s l u s h  r e q u i r e s  a feed r a t e  o f :  

1500 x 1.19523 = 1793 l b .  p e r  hour .  

The d i f f e r e n c e  of 293 l b .  p e r  hour i s  t h e  m a s s  of hydrogen which must 
be  vapor ized  t o  produce t h e  r e q u i r e d  s l u s h .  

5 . 3  CASCADED VACUUM PUMPING 

For l a r g e ' p r o d u c t i o n  c a p a c i t i e s ,  cont inuous processes  a r e  
u s u a l l y  p r e f e r r e d  t o  ba tch  p r o c e s s e s .  
i s  i n h e r e n t l y  a b a t c h  process  w h i l e  t h e  cascaded vacuum pumping method i s  
a cont inuous  o r  a t  l e a s t  a semi-batch process .  Therefore ,  t h e  cascaded 
vacuum pumping process  was s t u d i e d  t o  determine whether i t s  a d a p t a b i l i t y  
t o  cont inuous  process ing  would produce any process  advantages.  

The s t r a i g h t  vacuum pumping process  

T h i s  process  i s  i l l u s t r a t e d  i n  F igure  8 .  Liquid hydrogen i s  
brought  t o  t h e  product ion  system by any s u i t a b l e  means such as t r a n s p o r t  
tankage o r  t h e  product  d e l i v e r y  l i n e  of a hydrogen l i q u e f i e r .  S u i t a b l e  
s t o r a g e  i s  provided from which l i q u i d  hydrogen, s a t u r a t e d  a t  1 atm. of 
p r e s s u r e ,  i s  cont inuous ly  withdrawn. The l i q u i d  i s  t h e n  t h r o t t l e d  through 
a v a l v e  and f ed  t o  t h e  f i r s t  of a s e r i e s  of vacuum phase s e p a r a t o r s .  The 
gas  phase i s  withdrawn, prehea ted  t o  a s u i t a b l e  temperature ,  and vacuum 
pumped; t h e  l i q u i d  i s  t h r o t t l e d  and passed t o  t h e  next  s e p a r a t o r .  Each 
s e p a r a t o r  i s  i n  t u r n  a t  a s u c c e s s i v e l y  lower p r e s s u r e  and t h e  f i n a l  s t a g e  
i s  t h e  s l u s h  product ion  t a n k ,  maintained a t  t h e  hydrogen t r i p l e  p o i n t .  
S l u s h  produced i n  t h e  product ion  t a n k  is  cont inuous ly  d ischarged  t o  s t o r a g e  
w h i l e  t h e  vapor i s  preheated and f ed  t o  t h e  s u c t i o n  s i d e  of  t h e  a p p r o p r i a t e  
vacuum pump. Hydrogen gas  exhaus t ing  from a l l  vacuum pumps i s  c o l l e c t e d ,  
d i s c h a r g e d  t o  t h e  atmosphere,  o r  f l a r e d .  
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Process  requi rements  can be expected t o  be  g r e a t e r  f o r  t h e  
cascaded vacuum pumping p rocess  t h a n  f o r  t h e  s t r a i g h t  vacuum pumping 
process  because t h e  former c o n s i s t s  of s e v e r a l  i s e n t h a l p i c  t h r o t t l i n g  
s t eps  which a r e  thermodynamically l e s s  e f f i c i e n t  than  t h e  i s e n t r o p i c  
s t e p s  of t h e  s t r a i g h t  vacuum pumping p rocess .  The d i f f e r e n c e  i s  r evea led  
by comparison of t h e  process  requirements which are l i s t e d  i n  Table 1. 
I n  each c a s e ,  warming of t h e  exhaus t  gas t o  ambient be fo re  vacuum pumping 
has been assumed. 

TABLE 1 

COMPARISON OF PROCESS REQUIREMENTS 

CASCADED VS.  STRAIGHT VACUUM PUMPING 

Cascaded S t r a i g h t  

Feed r a t e ,  l b / h r .  1 ,801  1 ,793  

I 

Vacuum pumped hydrogen, l b / h r .  301 293 

Vacuum pumped hydrogen, ACFM 7,545 6,400 

Pump Horsepower 43 0 360 

Whether t h e  cascaded vacuum pumping p rocess  would be cont inuous  
o r  a semi-batch would depend g r e a t l y  upon c e r t a i n  s l u s h  t r a n s p o r t  cha rac -  
t e r i s t i c s  which c u r r e n t l y  f a l l  i n  t h e  a r e a  of u n c e r t a i n t y .  F i r s t ,  t h e  
e f f e c t  o f  s l u s h  ag ing  upon t r a n s p o r t  c h a r a c t e r i s t i c s  i s  not  w e l l  known. 
I f  s l u s h  must be  aged p r i o r  t o  t r a n s p o r t i n g  i t ,  t h e n  a semi-batch process  
would be  f avored .  Second, a continuous p rocess  r e q u i r e s  t h a t  a pump be 
used t o  t r a n s f e r  s l u s h  from t h e  product ion  t o  t h e  s t o r a g e  t ank .  I f  a 
p r e s s u r e  t r a n s f e r  must be used, then  the  process  must aga in  be semi-batch. 
The semi-batch concept  would apply only t o  t h e  s l u s h  p roduc t ion  t a n k s ,  
which would be provided i n  d u p l i c a t e  f o r  a l t e r n a t e  o p e r a t i o n .  The r e s t  
o f  t h e  equipment would be  s i n g l e - t r a i n  and t h e  p roduc t ion  t anks  would be 
swi tched  on and o f f  t h e  l i n e  i n  accordance w i t h  a predetermined schedu le .  

5 .4  EXTERNAL HELIUM REFRIGERATION SYSTEM 

This  p rocess  produces s l u s h  by t r a n s f e r r i n g  r e f r i g e r a t i o n ,  which 
i s  gene ra t ed  i n  an  e x t e r n a l  p rocess ,  t o  t h e  l i q u i d  hydrogen which i s  f ed  
t o  t h e  p r o c e s s .  Helium i s  used i n  t h e  r e f r i g e r a t i o n  c y c l e  because i t  i s  
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t h e  only m a t e r i a l  which remains f l u i d  below t h e  hydrogen t r i p l e  p o i n t  
tempera ture .  Figure 9 i l l u s t r a t e s  t h i s  p r o c e s s .  Consider ing f i r s t  t h e  
r e f r i g e r a t i o n  loop, helium i s  compressed t o  a s u i t a b l e  p r e s s u r e  (285 p s i g  
i n  t h i s  example), a f t e r c o o l e d ,  and fed t o  t h e  f i r s t  s t a g e  h e a t  exchanger 
of t h e  r e f r i g e r a t i o n  c y c l e .  The helium emerges a t  approximately 80 - 81 K,  
i s  f u r t h e r  cooled a g a i n s t  b o i l i n g  l i q u i d  n i t r o g e n  and t h e n  passes  through 
a s i l i c a  g e l  a d s o r p t i o n  bed t o  remove any materials which would f r e e z e  a t  
t h e  lower temperature  l e v e l .  The helium i s  t h e n  a d d i t i o n a l l y  precooled 
b e f o r e  be ing  admi t ted  t o  t h e  work expander (expansion engine)  from which 
i t  emerges a t  t h e  lowest temperature  i n  t h e  c y c l e .  Passage of t h e  helium 
through t h e  c o i l  i n  t h e  s l u s h  product ion tank  removes h e a t  from t h e  l i q u i d  
hydrogen i n  t h e  tank  i n  s u f f i c i e n t  amount t o  produce 50% s l u s h .  The 
helium, which has been warmed t o  n e a r l y  t h e  hydrogen t r i p l e  p o i n t  tempera ture ,  
l eaves  t h e  s l u s h  product ion  tank  and passes  through t h e  l i q u i d  hydrogen 
subcooler ,  c o o l i n g  t h e  l i q u i d  hydrogen feed t o  i t s  t r i p l e  p o i n t .  The 
hel ium i s  then  warmed t o  ambient temperature  i n  c o u n t e r c u r r e n t  h e a t  ex- 
change w i t h  t h e  incoming compressed helium and r e t u r n e d  t o  t h e  s u c t i o n  s i d e  
of t h e  compressor,  complet ing t h e  c y c l e .  Liquid n i t r o g e n  i s  a l s o  f e d  t o  
t h e  p r o c e s s  t o  f o r e c o o l  t h e  compressed helium. The s e n s i b l e  r e f r i g e r a t i o n  
i n  t h e  evaporated n i t r o g e n  i s  recovered by p a s s i n g  i t  i n  c o u n t e r c u r r e n t  
h e a t  exchange w i t h  t h e  hel ium feed i n  t h e  f i r s t  s t a g e  three-pass  h e a t  
exchanger .  

0 

The f lowsheet  shown r e p r e s e n t s  one of t h r e e  r e f r i g e r a t i o n  c y c l e s  
which w e r e  e v a l u a t e d  t o  determine t h e  e f f e c t  of head p r e s s u r e .  S e v e r a l  
c o n d i t i o n s  were maintained c o n s t a n t .  These were: 

0 1. A temperature  approach of 1 .5  C a t  t h e  hel ium e f f l u e n t  o f  
t h e  n i t r o g e n  f o r e c o o l e r .  

0 2. A temperature  approach of 2 .6  C a t  t h e  hydrogen i n l e t  of 
t h e  l i q u i d  hydrogen p r e c o o l e r .  

3 .  An expander exhaust  p r e s s u r e  of 1 . 5  atmospheres.  

4 .  Liquid hydrogen feed s a t u r a t e d  a t  10 p s i g  ( 2 1 . 3  K ) .  
0 

0 
5 .  A l i q u i d  n i t r o g e n  feed s a t u r a t e d  a t  1 p s i g  (78  K ) .  

6 .  An e f f i c i e n c y  of 70% on compression and expansion machinery.  

Head p r e s s u r e s  of 20, 40 and 60 atmospheres were s e l e c t e d  and 
p r o c e s s  requirements  were determined f o r  each head p r e s s u r e .  These 
requi rements  are presented  i n  Table 2 .  
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TABLE 2 

EFFECT OF HEAD PRESSURE ON 

HELIUM REFRIGERATOR PROCESS REQUIREMENTS 

Head P r e s s u r e ,  A t m .  20 40 60 

Helium flow, c f h  (NTP) 353 100 305,300 296 600 

Compressor power, HP 2 020 2,110 2 , 320 

Expander o u t p u t ,  HP 30 31  33 

Liquid n i t r o g e n ,  c f h  (NTP) 1,350 1,765 2,060 

Both power and l i q u i d  n i t r o g e n  consumption a r e  a taminimum f o r  t h e  20  atm. 
head p r e s s u r e .  
i t  was apparent  t h a t  t h e  hel ium r e c i r c u l a t i o n  r a t e  was i n c r e a s i n g  r a p i d l y  
and t h a t  t h e  i n c r e a s e  i n  equipment s i ze  would overcome any g a i n  achieved 
through reduced process  requi rements .  

F u r t h e r  r e d u c t i o n  i n  head p r e s s u r e  was no t  a t tempted because 

5 . 5  HELILJM-HYDROGEN VAPOR MIXTURE RECIRCULATION S'YSTEM 

I n  t h i s  process  a s u i t a b l e  mixture  of  precooled hel ium and 
hydrogen i s  s u b j e c t e d  t o  a Joule-Thomson t h r o t t l i n g  i n  such a manner t h a t  
s l u s h  hydrogen of  t h e  d e s i r e d  q u a l i t y  emerges from t h e  t h r o t t l i n g  v a l v e .  
The p r o c e s s  is shown i n  F i g u r e  10. A helium-hydrogen mixture  c o n t a i n i n g  
20.7% hydrogen i s  compressed t o  25 atm. This  p r e s s u r e  was chosen because 
i t  produces t h e  maximum Joule-Thomson c o o l i n g  a t  t h e  f i n a l  t h r o t t l i n g  
v a l v e .  The mixture  i s  a f t e r c o o l e d  t o  ambient temperature ,  followed by 
c o o l i n g  i n  c o u n t e r c u r r e n t  h e a t  exchange w i t h  t h e  r e t u r n i n g  low p r e s s u r e  
s t reams t o  w i t h i n  a few degrees  of l i q u i d  hydrogen tempera ture .  

It i s  now forecooled  a g a i n s t  b o i l i n g  l i q u i d  hydrogen a t  a tmospheric  
p r e s s u r e ,  f u r t h e r  precooled by means of t h e  c o l d  expanded helium-hydrogen 
and t h r o t t l e d  i n t o  t h e  s l u s h  product ion t a n k .  S l u s h  i s  withdrawn from t h e  
p r o d u c t i o n  t a n k  and t h e  gas  phase i s  warmed and r e c y c l e d  t o  t h e  compressor.  

Most of t h e  hydrogen which i s  f e d  t o  t h e  p r e c o o l e r  e v e n t u a l l y  
l e a v e s  t h e  p r o c e s s  a s  s l u s h  product ;  
purposes .  S e n s i b l e  r e f r i g e r a t i o n  i n  t h i s  hydrogen vapor i s  recovered by 
h e a t  exchanging i t  w i t h  t h e  incoming feed s t ream. The excess hydrogen i s  
vented  from t h e  system. 

t h e  excess i s  provided f o r  r e f r i g e r a t i o n  
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The compression requirement of 10,400 HP exceeds that of the 
external helium refrigeration system by more than a factor of five. This 
results from the low efficiency of the Joule-Thomson throttling process 
as applied to helium-hydrogen mixtures. In this temperature region, the 
hydrogen liquid undergoes a temperature rise upon throttling s o  that the 
helium must not only provide the Joule-Thomson refrigeration to sustain the 
process but also it must provide additional refrigeration to overcome the 
adverse behavior of the hydrogen. This unfavorable situation is further 
aggravated by the low Joule-Thomson coefficient for helium. 

One of the principal attractions of this system is that it 
permits production of slush with the tank maintained at a pressure equal 
to or greater than the surrounding atmosphere. 
producing equipment are, therefore, not needed, which may enhance the 
safety of operation. 
continuous transfer of the product slush to a storage vessel maintained 
at atmospheric pressure, with the assumption, of course, that unaged slush 
is, indeed, transferrable in this manner. 

Vacuum pumps or vacuum 

Pressurization of the production tank permits 

The production tank in the process is pressurized at 1.5 atmospheres 
for this reason. It is, of course, possible to maintain the pressure in 
the slush production tank closer to one atmosphere, with tank pressurization 
effected only when a transfer is to be made. This would convert the process 
to a semi-batch type operation for which duplicate production tanks would 
be used. Reduction of the tank pressure to approximately atmospheric 
pressure would increase the pressure difference across the throttling 
valve and increase the refrigeration. This would result in a lower helium 
recycle rate and a reduction in compression requirements. Although some 
reduction in process requirements can be achieved by this reduction in 
tank pressure, the reduction cannot be expected to be great enough to 
make this process competitive with the external helium refrigeration process. 

5.5.1 Thermodynamic Data for Mixtures 

In determining energy balances for the helium-hydrogen vapor 
mixture recirculation process, only the simplest concepts were employed 
in the calculation of the thermodynamic properties of the mixtures involved. 
Although it is recognized that, at the low temperatures encountered in the 
process, significant quantum effects exist, both these effects and the 
effects of interactions between the molecular species have been ignored. 
The enthalpy of a mixture was thus assumed to be a mean value of the en- 
thalpies of the pure components, weighted in accordance with the mixture 
composition. This procedure was considered adequate for this process, 
which was shown to have process requirements greatly in excess of the other 
processes. Had this process been more nearly competitive, more rigorous 
thermodynamic calculations would have been employed. 
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5 . 6  PROCESS SELECTION 

In making a technological evaluation of the various processes, 
the guiding principal which was maintained was that the selected process 
must have characteristics which would permit equipment to be designed, 
built, and operated with the greatest assurance of success and require a 
minimum of development work in support of the design. It is recognized 
that many areas of ignorance and uncertainty exist and these areas must be 
minimized in selecting the process and either eliminated or circumvented in 
designing the equipment. 

By inspection, the choice of processes can be narrowed to two: 

1. Straight vacuum pumping 

2 .  External helium refrigeration 

The helium-hydrogen vapor mixture recirculation process may be 
discarded on the basis of the extremely high power requirement and the 
high recycle rate which results in high equipment costs. The cascaded 
vacuum pumping process may be discarded on the basis that, if vacuum 
pumping is to be employed, the straight vacuum pumping process is the 
simpler and has lower hydrogen feed, power, and equipment requirements. 
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SECTION 6 

DISTRIBUTION OF SLUSH HYDROGEN 

From t h e  c r i t e r i a  e s t a b l i s h e d  i n  paragraph  4 .1 ,  i t  w a s  apparent  
t h a t  cont inuous  topping-of f  of t h e  tank module w i l l  be r e q u i r e d  d u r i n g  a 
tes t  r u n .  Thus i t  was seen  t h a t  "on-board" p roduc t ion  of s l u s h  would not  
m e e t  t h e  requi rements  of t h e  tes t  program and t h a t  t r a n s f e r  of s l u s h  between 
vessels was an  a b s o l u t e  n e c e s s i t y .  

6 . 1  TRANSFER CHARACTERISTICS OF SLUSH HYDROGEN 

A f t e r  d i s c u s s i o n s  w i t h  those  w i t h i n  L inde*s  Engineer ing  and 
Research Departments who were most f a m i l i a r  w i t h  s l u s h  hydrogen, i t  appeared 
r easonab le  t o  assume t h a t  s l u s h  of 50 t o  55% q u a l i t y  could have a c c e p t a b l e  
flow c h a r a c t e r i s t i c s .  This  assumption w a s  suppor ted  by t h e  p u b l i c a t i o n  of 
Na t iona l  Bureau of S tandards  Report No. 8881 which r e p o r t s  t h e  r e s u l t s  of  
some s i m p l e  t r a n s f e r  t e s t s .  A t  t h e  same t i m e ,  i t  was recognized t h a t  t h e  
subcool ing  of l i q u i d  hydrogen cou ld ,  under some c i rcumstances ,  r e s u l t  i n  
l a r g e  "lumps" which could  n o t  be cons idered  a s  s l u s h .  

It w a s  t h e n  dec ided  t h a t ,  f o r  t h e  ba l ance  of t h i s  s t u d y ,  i t  w a s  
necessa ry  t o  assume t h a t  50% s l u s h  could be  made t o  flow through f a i r l y  
s imple ,  wel l -des igned  t r a n s f e r  systems. Th i s  does n o t ,  of course,, mean 
t h a t  t h e  problem of s l u s h  t ra ;  -e_r can be  minimized. Continued i n v e s t i g a t i o n  
of flow c h a r a c t e r i s t i c s  i s  s t i  of paramount importance.  

\ 
I 6 . 2  SLUSH PLANT LOCATION 

Three a l t e r n a t i v e s  were cons idered:  

1. Locat ion  of t h e  s l u s h  f a c i l i t y  a t  t h e  t e s t  s i t e .  

2 .  Location of t h e  p r i m a r y  s l u s h  f a c i l i t y  a t  a commercial 
l i q u i d  hydrogen p l a n t  w i t h  a secondary f a c i l i t y  a t  t h e  t e s t  s i t e  t o  
r e c o n s t i t u t e  t h e  s l u s h .  

3 .  Locat ion  of t h e  f a c i l i t y  a t  a commercial l i q u i d  hydrogen 
p l a n t ,  making a h igh  q u a l i t y  s l u s h  wi th  no r e c o n s t i t u t i n g  a t  t h e  t e s t  s i t e .  

A l t e r n a t e  ( 3 )  appeared t o  be economically a t t r a c t i v e  and was g iven  
some c o n s i d e r a t i o n .  However, i t  was found t h a t  s l u s h  q u a l i t i e s  of 60 t o  90% 
would b e  r e q u i r e d  a t  t h e  p l a n t  i f  s l u s h  of 50% qua l i . t y  was t o  be a v a i l a b l e  
a t  t h e  s i t e .  S ince  i t  could  not  be p r e d i c t e d  t h a t  a s l u s h  of  over  50% 
q u a l i t y  would flow r e a d i l y ,  t h i s  approach w a s  t e c h n i c a l l y  u n a t t r a c t i v e .  
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A mod i f i ca t ion  w a s  cons idered  i n  which t h e  t r a n s p o r t  v e h i c l e  
( t r a i l e r  o r  tank  c a r )  w a s  used a s  t h e  s lu sh  producing f a c i l i t y ,  producing 
a h igh  q u a l i t y  s l u s h  which would d e t e r i o r a t e  t o  50% q u a l i t y  i n - t r a n s i t .  
This  approach assumed t h e  formation of a f lowable  m a t e r i a l  from t h e  h igh  
q u a l i t y  s l u s h  b u t  t h e  d i s t i n c t  p o s s i b i l i t y  e x i s t s  t h a t  a l a r g e  "lump" may 
be formed i n  t h e  t r i p l e - p o i n t  l i q u i d .  S ince  convinc ing  evidence on t h i s  
po in t  could not  be found, t h i s  approach, which may be  economical ly  t h e  
most a t t r a c t i v e ,  was she lved .  

T r a n s p o r t a t i o n  of s l u s h  ( A l t e r n a t e  2 )  w a s  recognized as a 
long-range o b j e c t i v e  which would be a t t r a c t i v e  t o  NASA bu t  would add 
g r e a t l y  t o  t h e  flow and t r a n s f e r  problem. However, i n  s p i t e  of t h i s  d i s -  
advantage t h i s  a l t e r n a t i v e  w a s  r e t a i n e d  f o r  economic e v a l u a t i o n  a long  w i t h  
t h e  most obvious s o l u t i o n  ( A l t e r n a t e  1) .  

Once t h e  t r a n s f e r  problem has been so lved ,  s e v e r a l  mod i f i ca t ions  
t o  A l t e r n a t e  2 can  be cons idered ,  i nc lud ing  t h e  r e t u r n  of excess  t r i p l e -  
p o i n t  l i q u i d  from t h e  s i t e  t o  the  product ion  p l a n t .  These v a r i a t i o n s  a r e  
d i scussed  i n  paragraph 8.5 
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SECTION 7 

SELECTION OF THE RECOMMENDED SYSTEM 

From t h e  a n a l y s i s  of t h e  va r ious  p roduc t ion  c y c l e s  desc r ibed  i n  
S e c t i o n  5 and from t h e  d i s t r i b u t i o n  systems s tudy  desc r ibed  i n  S e c t i o n  6 ,  
i t  was seen  t h a t  f i n a l  d e f i n i t i o n  of the  system could  b e  reached by a 
more d e t a i l e d  s tudy  of fou r  cases .  

7 . 1  STUDY CASES 

The ope ra t ions  involved i n  the f o u r  cases  s e l e c t e d  f o r  economic 
and t e c h n i c a l  e v a l u a t i o n  a r e  desc r ibed  b r i e f l y  as fol lows : 

7 . 1 . 1  Case 1 

a. Make 50% s l u s h  a t  l i q u i d  hydrogen p l a n t  by s t r a i g h t  vacuum 
P vmp i n g  . 

b.  Transpor t  s l u s h  t o  test s i t e  by road o r  r a i l .  

c .  Upgrade t o  50% a t  s i t e  by vacuum pumping and s t o r e .  

7 .1 .2  Case 2 

a .  Transpor t  l i q u i d  hydrogen t o  s i t e  by road or  r a i l .  

b .  Make 50% s l u s h  a t  s i t e  by s t r a i g h t  vacuum pumping and s t o r e .  

7 .1 .3  Case 3 

a .  Make 50% s l u s h  a t  l i q u i d  hydrogen p l a n t  by e x t e r n a l  hel ium 
r e f r i g e r a t i o n .  

b .  Transpor t  t o  s i t e  by road o r  r a i l .  

c .  Upgrade t o  50% a t  s i t e  by vacuum pumping and s t o r e .  

7 .1 .4  Case 4 

a .  Transpor t  l i q u i d  hydrogen t o  s i t e  by road o r  r a i l .  

b .  Make 50% s l u s h  a t  s i t e  by e x t e r n a l  helium r e f r i g e r a t i o n  and 
s t o r e .  
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7.2  CAPITAL INVESTMENT 

I n  o rde r  t o  e v a l u a t e  t h e s e  four cases, p re l imina ry  e s t i m a t e s  of 
t h e  c a p i t a l  investment  r equ i r ed  i n  each case were made. It must be emphasized 
t h a t  t h e s e  are rough p re l imina ry  e s t ima tes  only.  A d e t a i l e d  c o s t  e s t i m a t e  
of t h e  s e l e c t e d  system w i l l  be presented  l a t e r  i n  t h i s  r e p o r t .  

I n  Cases 1 and 3 ,  t h e  s i ze  of t h e  upgrading p l a n t  r equ i r ed  a t  
t h e  t e s t  s i t e  i s  in f luenced  by t h e  hea t  l e a k  i n t o  t h e  s l u s h  du r ing  shipment 
from t h e  hydrogen p l a n t  and, t h e r e f o r e ,  t h e  d i s t a n c e  of t h e  producing p l a n t  
from t h e  s i t e  i s  a f a c t o r .  Estimates have been made based on p l a n t s  a t  
320 m i l e s  and 1800 m i l e s  from t h e  Nevada t e s t  f a c i l i t y ,  r ep resen t ing  t h e  
extremes of t h e  e x i s t i n g  l a r g e  commercial hydrogen p l a n t s .  

Using t h e  c r i t e r i a  e s t a b l i s h e d  i n  S e c t i o n  4 ,  i t  i s  assumed t h a t  
660,000 l b s .  o f  s l u s h  w i l l  be r equ i r ed  every  30 days .  The e s t i m a t e s  i n  
Table  3 are based upon a p l a n t  t o  produce t h i s  q u a n t i t y  i n  18 working days ,  
i . e . ,  about 18 tons  p e r  day c a p a c i t y .  
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TABLE 3 

CAPITAL INVESTMENT 

PRELIMINARY EST W T E S  

Dis t ance ,  l i q u i d  p l a n t  t o  t e s t  s i t e  320 Miles 1800 Miles 

Case 1 

A t  l i q u i d  p l a n t  
A t  t e s t  s i t e  

T o t a l  

Case 2 

A t  l i q u i d  p l a n t  
A t  t e s t  s i t e  

T o t a l  

Case 3 

A t  l i q u i d  p l a n t  
A t  t e s t  s i t e  

T o t a l  

Case 4 

A t  l i q u i d  p l a n t  
A t  t e s t  s i t e  

T o t a l  

$ 637,000 $ 637,000 
340 , 000 473,000 

$ 977,000 $1,110,000 

$ 0 $ 0 
696 , 000 696 , 000 

$ 696,000 $ 696,000 

$2,780,000 $2,780,000 
340,000 474 , 000 

$3,120,000 $3,254,000 

$ 0 $ 0 
2 , 780,000 2,780,000 

$2,780,000 $2,780,000 
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7 .3  OPERATING COSTS 

Pre l imina ry  e s t i m a t e s  of t he  o p e r a t i n g  c o s t s  on a ”pe r  month” 
b a s i s  f o r  t h e  f o u r  c a s e s  a r e  g iven  i n  Table  4 .  I n  Case 1, c r e d i t  i s  g iven  
f o r  t h e  r e t u r n  of  t h e  gaseous hydrogen from t h e  vacuum pumps t o  t h e  
l i q u i d  p l a n t  a t  f u e l  v a l u e .  No c r e d i t  i s  g iven  f o r  gaseous hydrogen 
a t  t h e  t es t  s i t e  a s  i t  i s  assumed t h a t  t h e  vacuum pump d i s c h a r g e  w i l l  
be  ven ted .  The c o s t  of t h e  l i q u i d  hydrogen has  n o t  been inc luded .  

TABLE 4 6 

OPERATING COSTS PER MONTH 

PRELIMINARY ESTIMATES 

Dis t ance ,  l i q u i d  p l a n t  t o  t e s t  s i t e  

Case 1 

Labor 
U t i l i t i e s  

C r e d i t ,  GH r e t u r n e d  2 
T o t a l  

Case 2 

Labor 
U t i  lit ies 

T o t a l  

Case 3 

Lab o r  
U t i  l i t  i e s  

T o t a l  

Case 4 

Labor 
U t i l i t i e s  

T o t a l  

320 Miles 

$ 7 , 9 5 0  
1 , 540  

$ 9 , 4 9 0  
-2 , 640  

$ 6 , 8 5 0  

$ 4 ,425  
1 , 8 5 0  

$ 6 ,275  

$ 8 , 8 2 0  
6 , 380 

$15,200 

$ 5,545 
9,175 

$14 , 720 

1800 Miles 

$ 7 , 9 5 0  
1 , 885 

$ 9 ,835  
-2 , 720  

$ 7 , 1 1 5  

$ 4 ,425  
1 ,850  

$ 6 ,275  

$ 8 , 8 2 0  
6 , 800  

$15,620 

$ 5 ,545  
9,175 

$14,720 
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7.4 LIQUID REQUIREMENTS 

Making due allowance f o r  t r a n s f e r  l o s s e s  e t c . ,  t h e  e s t ima ted  
monthly requi rements  of l i q u i d  hydrogen produced a t  t h e  p l a n t  and t r a n s -  
po r t ed  t o  t h e  s i t e  ( e i t h e r  as l i q u i d  o r  a s  s l u s h )  a r e  p re sen ted  i n  
Table 5 .  

TABLE 5 

L I Q U I D  HYDROGEN REQUIREMENTS, PER MONTH 

(1 Month = 660,000 l b .  50% S lush )  

Di s t ance ,  l i q u i d  p l a n t  t o  t es t  s i t e  320 Mi les  1800 Miles 

Case 1 

T o t a l  LH produced a t  p l a n t  829,000 l b .  845,000 l b .  

T o t a l  hydrogen t r a n s p o r t e d  (as s l u s h )  687,000 l b .  700,000 l b .  

2 

Case 2 

T o t a l  LH produced a t  p l a n t  827,000 l b .  844,000 l b .  

T o t a l  hydrogen t r a n s p o r t e d  (as l i q u i d )  819 , 000 l b .  836,000 l b .  

2 

Case 3 

T o t a l  LH produced a t  p l a n t  701,000 l b .  714,000 l b .  

T o t a l  hydrogen t r a n s p o r t  ( a s  s l u s h )  687,000 l b .  700,000 l b .  

2 

Case 4 

T o t a l  LH produced a t  p l a n t  687,000 l b .  700,000 l b .  

T o t a l  hydrogen t r a n s p o r t e d  ( a s  l i q u i d )  680,000 l b .  693,000 l b .  

2 
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7 .5  ECONOMIC EVALUATION 

S ince  t h e  a c t u a l  va lue  which NASA w i l l  p l a c e  upon l i q u i d  hydrogen 
d e l i v e r e d  t o  t h e  t e s t  s i t e  i s  not  known a t  t h i s  t i m e ,  no a t t e m p t  has been 
made t o  estimate an  a c t u a l  c o s t  f o r  s l u s h  a t  t h e  s i t e .  However, t h e  
in fo rma t ion  p resen ted  i n  t h e  preceding  t h r e e  t a b l e s  has  been used t o  make 
e s t i m a t e s  of t h e  r a t i o  of d e l i v e r e d  c o s t  o f  s l u s h  t o  t h e  d e l i v e r e d  c o s t  of 
conven t iona l  l i q u i d .  These r a t i o s  a r e  p l o t t e d  v e r s u s  t h e  t o t a l  number 
of  tes ts  t o  be  run  w i t h  s l u s h  i n  F igu re  11. 

These curves  are somewhat s e n s i t i v e  t o  changes i n  t h e  c o s t  of 
l i q u i d ,  t h e  c o s t  of d e l i v e r y  and t h e  d i s t a n c e  between t h e  p l a n t  and t h e  s i t e .  
They are in tended  on ly  f o r  use  i n  comparing t h e  f o u r  cases p resen ted  h e r e  
and should  be used on ly  w i t h  great d i s c r e t i o n  i n  e s t i m a t i n g  t h e  a c t u a l  
c o s t  o f  s l u s h .  

It can be seen  t h a t ,  i f  t h e  c a p i t a l  investment i s  t o  amortized 
i n  less than  50 t o  60 tes ts ,  Cases 1 and 2 ( t h e  vacuum pumping p rocess )  
show t h e  lowest c o s t s .  There i s  probably some ove r l ap  i n  t h e  ranges  of 
r a t i o s  between Cases 1 and 2 ,  bu t  Case 2 shows a c o s t  advantage f o r  a 
program of l e s s  t h a n  about 2 0  t e s t s .  

7 .6  TECHNICAL EVALUATION 

The t r ans fo rma t ion  of l i q u i d  hydrogen i n t o  small p a r t i c l e s  of 
s o l i d ,  d i s p e r s e d  through t h e  l i q u i d  phase a s  s l u s h ,  has  been most amply 
demonstrated by means of  vacuum pumping on a c o n t a i n e r  of l i q u i d  hydrogen. 
This  i s  t h e  technique  employed by Linde D i v i s i o n  i n  t h e i r  exper imenta l  
i n v e s t i g a t i o n  of s l u s h  hydrogen as r epor t ed  i n  Techn ica l  Documentary 
Report  APL-TDR-64-22. The Cryogenics Div i s ion ,  Na t iona l  Bureau of S tanda rds ,  
Boulder,  Colorado, i n  t h e i r  experimental  work, as r e p o r t e d  i n  N.B.S. Report 
No. 8881, a l s o  employed vacuum pumping a s  d i d  t h e  Research and Technology 
D i v i s i o n  a t  Wr igh t -Pa t t e r son  A i r  Force Base. 

This  p rocess  i s  t h e  s i m p l e s t  and most s t r a i g h t f o r w a r d  approach t o  
s l u s h  p roduc t ion  and i s  undoubtedly a t  a h ighe r  s t a t e  of development than  
o t h e r  proposed p r o c e s s e s .  The vacuum pump, which r e p r e s e n t s  t h e  h e a r t  of 
t h i s  p r o c e s s ,  w a s  t h e  s u b j e c t  of  cons ide rab le  s tudy  d u r i n g  t h i s  c o n t r a c t .  
It w a s  concluded t h a t  s u i t a b l e  pumps o p e r a t i n g  a t  nea r  ambient tempera tures  
were commercially a v a i l a b l e  but  some development would be necessa ry  t o  o b t a i n  
a s u i t a b l e  c ryogenic  pump. A d e t a i l e d  d i s c u s s i o n  of t h i s  s tudy  fo l lows  
l a t e r  i n  t h i s  r e p o r t .  

The e x t e r n a l  helium r e f r i g e r a t i o n  system employs a h e a t  t r a n s f e r  
s u r f a c e  immersed i n  l i q u i d  hydrogen, upon which s o l i d  hydrogen i s  formed. 
There  i s  no background of expe r i ence  f o r  t h i s  technique  and i t  i s ,  t h e r e f o r e ,  
no t  recommended. An t i c ipa t ed  d i f f i c u l t i e s  and areas of  u n c e r t a i n t y  i n c l u d e :  
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1. Removal of solid hydrogen from the heat transfer surface 
may be difficult. 

2. The physical nature of solid hydrogen formed on a heat 
transfer surface is largely unknown. 

3 .  Heat transfer characteristics from the refrigeration surface 
to solid hydrogen are unknown. 

Formation of solid hydrogen by throttling precooled liquid through 
an orifice into an evacuated space has been demonstrated by N.B.S.'s 
Cryogenics Division. This is quite similar to the final process step in 
the helium-hydrogen vapor mixture recirculation system although, in the 
latter case, the presence of helium may result in some divergence from 
the demonstrated performance of the former case. This technique, therefore, 
remains to be proven. 

7.7  RECOMMENDED SYSTEM 

The apparent low state-of-the-art in the helium refrigeration 
process, together with the economic information presented in the preceding 
paragraphs seemed to justify the elimination of study cases 3 and 4 from 
further consideration. 

Location of the slush plant at the liquid plant (Case 1) offers 
a number of attractive features (trained labor, cheap utilities, flexible 
distribution systems, etc.), but has one major disadvantage. Case 1 
requires that the slush be transferred into transport vehicles, moved to 
the site and transferred to storage, involving flow problems much more 
complex than those encountered in Case 2 .  Since the latter may offer some 
economic advantage in a short test program, it was felt that Case 1 could 
be eliminated and Case 2 selected as the most likely system to achieve the 
effectiveness criteria. 

It must again be emphasized that the selection of a system using 
the straight vacuum pumping process and located at the rocket test site is 
a recommended solution to a specific problem posed by the contract 
statement of work. A change in NASA slush hydrogen requirements (e.g., 
long-term use of slush in several different programs) or a break-through 
in the state-of-the-art in handling slush (e.g., a convincing demonstration 
that slush can be transported by road or rail) might lead to an entirely 
d i f fer e nt re c omme nd a t ion . 
7.7.1 Summary of the Selected System 

The system for which a conceptual design was prepared is 
summarized in Table 6. 
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TABLE 6 

SUMMARY OF SELECTED SYSTEM 

PROCESS 

LOCATION 

PRODUCTION RATE 

L I Q U I D  HYDROGEN CONSUMPTION 

ANTICIPATED DUTY 

S t r a i g h t  vacuum pumping ba tch  p rocess .  

Nevada t e s t  s i t e ,  a d j a c e n t  t o  main 
l i q u i d  hydrogen s t o r a g e .  

18 tons  of 50% s l u s h  p e r  day. 

21% t ons  p e r  day. 

24 h o u r s  p e r  day, 1 8 . 3  days pe r  month 
p l u s  approximately 3 days f o r  upgrading 
of s t o r e d  s l u s h .  
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SECTION 8 

SPECIAL TECHNIQUES I N  SLUSH HYDROGEN PRODUCTION 

Having s e l e c t e d  t h e  process  and t h e  p l a n t  s i t e  i t  w a s  necessa ry  
t o  cons ide r  s e v e r a l  proposed v a r i a t i o n s  o r  techniques  w i t h i n  t h e  b a s i c  
p rocess  be fo re  t h e  concep tua l  d e s i g n  c r i t e r i a  could  be  f u l l y  e s t a b l i s h e d .  

8 .1  CRUST BREAKING TECHNIQUES 

I n  vacuum pumped p rocesses ,  s o l i d  hydrogen f i r s t  appears  a t  t h e  
walls of  t h e  v e s s e l  and g r a d u a l l y  b r idges  over  t h e  l i q u i d  s u r f a c e  u n t i l  a 
s o l i d  c r u s t  i s  formed, cove r ing  t h e  e n t i r e  c r o s s  s e c t i o n  of t h e  c o n t a i n e r .  
Th i s  c r u s t  i s  s o f t  i n  t h e  c e n t e r  and s u f f i c i e n t l y  porous t o  permi t  t h e  
passage  of hydrogen gas through i t .  To o b t a i n  s l u s h ,  t h i s  c r u s t  must be 
broken i n t o  p a r t i c l e s  of only a few m i l l i m e t e r s  i n  l eng th  o r  wid th .  

Two s u c c e s s f u l  c r u s t  b reaking  techniques  have been demonst ra ted .  
The f i r s t  o f  t h e s e  employed a s t i r r e r  which, by i t s  mechanical o p e r a t i o n ,  
caused breakage t o  occur .  I n  t h e  Linde D i v i s i o n  exper iments ,  t h i s  s t irrer 
w a s  manipulated manually,  and i t  was found t h a t  c r u s t  t h i c k n e s s e s  of up 
t o  8 cm. could be  broken by t h i s  means. Th i s  same t echn ique ,  a s  employed 
a t  Wr igh t -Pa t t e r son  AFB, used a r a k e - l i k e  st irrer r o t a t i n g  a t  a ve ry  low 
speed .  The prongs of  t h e  r ake  were moved through t h e  newly-formed c r u s t ,  
b reak ing  i t  i n t o  p a r t i c l e s  which s e t t l e d  through t h e  l i q u i d .  Th i s  work i s  
r e p o r t e d  i n  Technica l  Report AFAPL-TR-65-63. 

The second technique  w a s  developed by t h e  N.B.S. a t  Boulder and 
c o n s i s t s  of a p r e s s u r e  modulation on the  s l u s h  tank  t o  cause c r u s t  
b reakage .  
d e s c r i p t i o n  has appeared i n  N . B . S .  Report No. 8881. 

This  has been g iven  t h e  name "freeze-thaw" method and ample  

It was convinc ingly  demonstrated a t  Boulder t h a t  t h e  "freeze-thaw" 
t e c h n i q u e  would produce s l u s h  w i t h  appa ren t ly  good flow c h a r a c t e r i s t i c s  
i n  a s m a l l  g l a s s  dewar. From t h i s  work i t  appeared t h a t  t h e  ra te  of h e a t  
l e a k  i n t o  t h e  pe r iphe ry  of t h e  c r u s t  and a l s o  t h e  r a t i o  of pumping speed 
t o  exposed s u r f a c e  a r e a  may be  c r i t i c a l  parameters .  S ince  t h e  sca l e -up  
of t h e s e  f a c t o r s  from a d iameter  of 6 inches  t o  a d i ame te r  of 10 f e e t  could 
no t  be p r e d i c t e d ,  "freeze-thaw" was not adopted as t h e  primary c r u s t  
b r e a k i n g  t echn ique .  However, an  annulus was inc luded  i n  t h e  process  
v e s s e l s  a t  t h e  l iqu id-vapor  i n t e r f a c e .  Th i s  annulus ,  w i t h  e x t e r n a l  con- 
n e c t i o n s ,  can  be used a s  a c o n t r o l l e d  hea t  sou rce  i f  r e q u i r e d  f o r  t h e  
o p e r a t i o n  of e i t h e r  c r u s t - b r e a k i n g  technique .  
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The conclus ions  reached i n  AFAPL-TR-65-63 i n d i c a t e  t h a t  an  
optimum d e s i g n  f o r  t h e  r a k e - l i k e  st irrer w i l l  be reached s h o r t l y  bu t  i t  
has  not  been demonstrated t h a t  t h e  s l u s h  made by t h i s  method has  flow 
c h a r a c t e r i s t i c s  equa l  t o  t h a t  made by "freeze-thaw". Never the l e s s ,  a 
mechanical r ake  modeled a f t e r  t h e  l a t e s t  d e s i g n  desc r ibed  i n  t h a t  r e p o r t  
has been inc luded  i n  t h i s  p rocess  v e s s e l .  

8 . 2  SLUSH AGING REQUIREMENTS 

The appearance of newly formed s l u s h  has been shown t o  d i f f e r  
from t h a t  which has aged f o r  s e v e r a l  hours .  New s l u s h  p a r t i c l e s  a r e  ve ry  
porous and i r r e g u l a r  i n  both  s i z e  and shape b u t ,  a f t e r  s t a n d i n g ,  they  
become less porous,  and more dense ,  more uniform i n  s i z e  and more r e g u l a r  
i n  shape. Work done by N.B.S. has  shown t h a t  n e a r l y  a l l  t h e  change occurs  
i n  t h e  f i r s t  fou r  hours of ag ing  and ve ry  l i t t l e  a f t e r  t h a t .  

To be a b l e  t o  p r e d i c t  t h e  flow c h a r a c t e r i s t i c s  of a s o l i d - l i q u i d  
mix tu re ,  i t  i s  necessa ry  t o  have r a t h e r  complete d a t a  on p a r t i c l e  s i z e  
and d i s t r i b u t i o n .  A l a r g e  number of  measurements have been made a t  N.B.S. 
on s l u s h  p a r t i c l e s  produced by t h e  freeze-thaw method a s  a f u n c t i o n  of 
t h e  age of t h e  s l u s h  f o r  t h e  purpose of de te rmining  t h e  e f f e c t  of p a r t i c l e  
p r o p e r t i e s  on flow c h a r a c t e r i s t i c s .  Although c o n s i d e r a b l e  d a t a  has  been 
accumulated, i t s  a p p l i c a t i o n  t o  c l a s s i c a l  methods f o r  de te rmining  p r e s s u r e  
drop of s o l i d - l i q u i d  mixtures  i n  p ipes  remains u n v e r i f i e d .  

For l a c k  of any informat ion  t o  t h e  c o n t r a r y ,  i t  i s  assumed t h a t  
t o  s u c c e s s f u l l y  and r ep roduc ib ly  t r a n s f e r  s l u s h  from one v e s s e l  t o  ano the r ,  
t h e  s l u s h  must be  s u i t a b l y  aged and t h a t  t h i s  ag ing  pe r iod  amounts t o  
fou r  hour s .  
i n  a l l  ba t ch  product ion  methods. 

This  ag ing  t i m e ,  t h e r e f o r e ,  governs t h e  minimum b:tch s i z e  

8 . 3  COLD VS. WARM VACUUM PUMPING 

Vacuum pumping requi rements  a r e  determined by t h e  d e n s i t y  of 
t h e  hydrogen gas e x i s t i n g  a t  t h e  s u c t i o n  of t h e  vacuum pump. I f  t h e  vapor 
i s  c o l d ,  t h e  volume of  a p a r t i c u l a r  mass of gas  w i l l  be smaller t h a n  i f  t h e  
vapor  i s  w a r m  and a smaller vacuum pump can  be used. I n  t h e  former 
s i t u a t i o n ,  t h e  vacuum pump would have t o  o p e r a t e  a t  low t empera tu res .  This  
would pose c e r t a i n  problems no t  encountered when o p e r a t i n g  w a r m .  With t h e  
p o s s i b i l i t y  t h a t  a vacuum pump ope ra t ing  a t  c ryogenic  tempera tures  might be 
procured ,  t h e  a c t u a l  volume of gas w a s  determined f o r  o p e r a t i o n  a t  b o t h  
c ryogen ic  and a t  near-ambient tempera tures .  Suc t ion  c o n d i t i o n s  and gas 
volumes are  l i s t e d  i n  Table 7 .  
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TABLE 7 

GAS VOLUMES AT VACUUM PUMP SUCTION 

STRAIGHT VACUUM PUMPING 

Cryogenic Ambient 

0 
Suction temperature, K 20.3 - 13.8 273.2 

Suction pressure, torr 760 - 52.8 760 - 52.8 

I 
b 

Slush quality, % 50 50 

Actual gas volume, cu.ft./lb. slush 13.539 259.99 

Actual gas volume for 1500 lb/hr. slush, cfm. 338.48 6400 

Suction temperature and pressure both decrease for the cryogenic pump as 
vacuum pumping proceeds, with the gas always at saturation conditions. For 
ambient-temperature operation6 the gas is assumed to be preheated to a 
constant temperature of 273.2 K at the pump inlet. In either case, no 
allowance has been made in this comparison for pressure drop between the 
slush production tank and the vacuum pump. The effect of this is to slightly 
underestimate the required vacuum pump capacity. The comparison shows that 
the pump operated at cryogenic suction conditions would require a capacity 
only 5.2% of one operating at ambient temperature. 

A rather brief study of hydrogen vacuum-pumping methods and 
equipment was made to define the present state-of-the-art and to identify 
favorable areas for development effort. The results of this study, which 
are thought to be of general interest to the overall slush hydrogen program, 
are included as Appendix I of this report. 

Discussions with several manufacturers of hydrogen compression 
equipment at the early stages of this contract yielded very little infor- 
mation o r  encouragement towards a cryogenic pump of the required capacity. 
Owing to the pressure of time, it was reluctantly agreed that the 
conceptual plant design must be based on an ambient pump. 
of this system was well advanced, a reply favoring a cryogenic pump was 
received from one major manufacturer and the situation was re-evaluated. 
As a result of discussions with this manufacturer, the conclusion was reached 
that a reciprocating compressor of fairly standard design could be made to 
operate at suction temperatures down to the triple point, with only a small 
development program. 

When design 
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With t h i s  new informat ion ,  t h e  d e c i s i o n  w a s  reached t o  r e - d e s i g n  
t h e  system us ing  t h i s  c ryogenic  pump b u t ,  s i n c e  t h e  des ign  of t h e  ambient 
system was w e l l  advanced, t h i s  work was a l s o  completed.  Therefore ,  t h i s  
r e p o r t  now o f f e r s  two conceptua l  des igns ,  t h e  f i r s t  u s ing  t h e  c ryogenic  
pump and t h e  a l t e r n a t e  warming t h e  hydrogen t o  nea r  ambient be fo re  e n t e r i n g  
t h e  pump. It i s  f e l t  t h a t  t h e s e  two des igns  w i l l  form a u s e f u l  b a s i s  on 
which t o  e s t i m a t e  t h e  v a l u e  of a f u t u r e  development program i n  t h e  a r e a  o f  
hydrogen compression equipment. 

8.4 STEAM EJECTOR PUMPS 

I n s t e a d  of a mechanical compressor, a vacuum of about 50 t o r r  
can  e a s i l y  be obta ined  us ing  a commercially a v a i l a b l e  steam e j e c t o r .  

A steam e j e c t o r  has  t h e  advantage of s i m p l i c i t y  of o p e r a t i o n  
p l u s  low maintenance and inves tment ,  bu t  t o  produce 1500 l b .  p e r  hour of 
s l u s h  would r e q u i r e  a two-stage non-condensing e j e c t o r  and a steam con- 
sumption r a t e  of approximately 25,000 l b .  p e r  hour .  This  i s  t h e  thermal  
e q u i v a l e n t  of 9,800 hp. compared wi th  t h e  360 maximum hp. r equ i r ed  by 
t h e  vacuum pumps. Evaluated a t  $1 per 1000 l b .  of s team and 1.00 c e n t  
p e r  kw-hr. of e l e c t r i c i t y ,  t h e  c o s t  of s team exceeds t h a t  of e l e c t r i c i t y  
by $10,000 f o r  each t e s t  f i r i n g .  

It i s  conce ivable  t h a t  t h e  low maintenance and investment might 
be a t t r a c t i v e  i f  l a r g e  volumes of waste steam were a v a i l a b l e ,  bu t  t h i s  
i s  c l e a r l y  not  t h e  c a s e  i n  t h e  p re sen t  s i t u a t i o n .  Consequently, no f u r t h e r  
e f f o r t  was made i n  t h i s  d i r e c t i o n .  

8 . 5  UPGRADING OF SLUSH 

Heat l eak  i n t o  s t o r a g e  v e s s e l s  w i l l  r e s u l t  i n  t h e  deg rada t ion  
of t h e  q u a l i t y  of s l u s h  i n  s t o r a g e .  It i s  e s t ima ted  t h a t  i n  a 280,000 
g a l l o n  s p h e r i c a l  t ank ,  24.3 l b .  per  hour of s o l i d  hydrogen w i l l  mel t  t o  
t r i p l e  p o i n t  l i q u i d  because of h e a t  i n l eakage .  Upgrading c a p a c i t y  capab le  
of producing ,  f o r  each 280,000 g a l l o n  s t o r a g e  t a n k ,  4 8 . 6  l b .  p e r  hour of 
50% s l u s h  from t r i p l e  p o i n t  l i q u i d  m u s t  be provided ,  e i t h e r  a s  a s e p a r a t e  
upgrading f a c i l i t y  o r  a s  i nc reased  c a p a c i t y  of t h e  main s l u s h  producing 
f a c i l i t y  . 

Of t h e  s e v e r a l  means cons idered  f o r  s l u s h  upgrading, t h e  one 
which seems by f a r  s u p e r i o r  c o n s i s t s  of merely d r a i n i n g  t h e  excess  l i q u i d  
through a s u i t a b l e  s t r a i n e r  t o  prevent passage  of t h e  s o l i d  c r y s t a l s ,  and 
r e t u r n i n g  t h i s  t r i p l e  p o i n t  l i q u i d  t o  t h e  s l u s h  p roduc t ion  tank  f o r  re- 
c o n v e r s i o n  t o  s l u s h .  The q u a l i t y  of t h e  r e s i d u a l  s l u s h  i n  s t o r a g e  i s  
e s t a b l i s h e d  by t h e  amount of l i q u i d  removed, and q u a l i t i e s  g r e a t e r  t h a n  
t h e  maximum l e v e l  f i x e d  by t r a n s f e r  c o n s i d e r a t i o n s  a r e  conce ivable .  
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This  concept has perhaps i t s  g r e a t e s t  v a l u e  when a p p l i e d  t o  
"on-board" upgrading. Here i t  may be p o s s i b l e  t o  ach ieve  upgrading i n  
t h e  r o c k e t  tankage w i t h  a minimum of c o s t  and added equipment. 

If the  t r a n s p o r t a t i o n  problem desc r ibed  ea r l i e r  i s  so lved  and 
t h e  s l u s h  p roduc t ion  p l a n t  l oca t ed  a t  a p o i n t  remote from t h e  s t o r a g e  
a r e a  ( i . e . ,  a commercial l i q u i d  hydrogen p l a n t ) ,  t h e  excess  t r i p l e  p o i n t  
l i q u i d  could be u t i l i z e d  i n  s e v e r a l  ways. 

One p o s s i b i l i t y ,  t h a t  of upgrading i n  a s m a l l  a u x i l i a r y  p l a n t ,  
has  been d i scussed  as Case 1 i n  paragraph 7 . 1 . 1 .  A s  a second p o s s i b i l i t y ,  
t h e  excess  could  be d ra ined  back i n t o  the t r a n s p o r t  v e h i c l e  and r e t u r n e d  
t o  t h e  s l u s h  p l a n t  f o r  r e u s e .  This  would h e l p  t o  keep t h e  v e h i c l e  a t  
t r i p l e  p o i n t  tempera ture  and reduce  l o s s e s  on a subsequent d e l i v e r y .  
T h i r d l y ,  t h e  excess could merely be  t r a n s f e r r e d  t o  t h e  conven t iona l  l i q u i d  
s t o r a g e  t ank  a t  t h e  test  s i t e ,  u s ing  t h e  extra r e f r i g e r a t i o n  t o  reduce 
b o i l - o f f  l o s s e s  i n  t h i s  t ank .  
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PRELIMINARY DESIGN CONCEPTS 

43 

For t h e  purposes of  t h i s  s tudy  t h e  fo l lowing  assumptions were 
made : 

1. A s u i t a b l y  graded and prepared s i t e ,  approximately 180 f t .  
by 160 f t . ,  w i l l  be made a v a i l a b l e ,  as c l o s e  t o  t h e  bu lk  l i q u i d  hydrogen 
s t o r a g e  as s a f e t y  p r o v i s i o n s  w i l l  a l low.  

2. The b a t t e r y  l i m i t s  of t h e  p l a n t  w i l l  be e s t a b l i s h e d  by a 
fence  which w i l l  form a p a r t  of t h e  p l a n t .  

3 .  A l l  u t i l i t i e s ,  f l u i d s ,  access  roads  e t c .  w i l l  be brought 
t o  t h e  f e n c e - l i n e  by o t h e r s .  S to rage  f a c i l i t i e s  f o r  c ryogenic  f l u i d s ,  
hydrogen s l u s h ,  gases  e t c .  w i l l  not form a p a r t  of t h e  p l a n t .  

4 .  A s u i t a b l e  b u i l d i n g ,  housing a c o n t r o l  room, primary 
maintenance a r e a ,  o f f i c e  space  and personnel  f a c i l i t i e s ,  w i l l  form a 
p a r t  of t h e  p l a n t .  

9 .1  DESIGN PHILOSOPHY 
J 

The d e s i g n  requi rements  of  the p l a n t  appeared t o  be f a i r l y  
s imple  w i t h  no rea l  c o n t r o l  problems, so  t h a t  manual c o n t r o l  of  t h e  
o p e r a t i o n  seemed reasonab le .  However, i n  view of t h e  environmental  
c o n d i t i o n s ,  remote o p e r a t i o n  was cons idered  d e s i r a b l e .  Accordingly,  i t  
was dec ided  t h a t  a l l  primary c o n t r o l s  should be remotely opera ted  from 
i n s i d e  a c l i m a t e - c o n t r o l l e d  b u i l d i n g  but  w i t h  no au tomat ic  sequencing. 

i 

A l l  e l e c t r i c a l  equipment i n  t h e  p l a n t ,  except  i n s i d e  t h e  b u i l d i n g ,  
would b e  Class I, D i v i s i o n  I,  Group B ( o r  Group D w i t h  n i t r o g e n  purge 
where Group B was n o t  r e a d i l y  a v a i l a b l e ) .  The fence  l i n e  would be es- 
t a b l i s h e d  a t  least  50 f t .  from t h e  n e a r e s t  hydrogen equipment. 

Exposing t h e  compression equipment t o  t h e  extreme environmental  
c o n d i t i o n s  desc r ibed  i n  t h e  " C r i t e r i a  f o r  Budgetary Study of Eng ine l s t age  
T e s t  Stand 2-3" caused some concern  bu t ,  a f t e r  d i s c u s s i o n s  w i t h  manufac turers ,  
i t  w a s  concluded t h a t  t h i s  w a s  pe rmis s ib l e .  An a l l - o u t d o o r  p l a n t  w a s  t h e n  
adopted .  

9.2 PLANT DESIGN CRITERIA 

Using t h e  in fo rma t ion  a l r eady  developed, t h e  system c r i t e r i a  
p r e s e n t e d  i n  paragraph 7 . 7  were extended t o  produce some des ign  c r i t e r i a .  
These a re  g iven  i n  t h e  fo l lowing  t a b l e .  
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TABLE 8 

PLANT DESIGN CRITERIA 
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PROCESS S t r a i g h t  vacuum pumping ba tch  process .  

LOCATION Nevada t e s t  s i t e ,  a d j a c e n t  t o  main l i q u i d  
hydrogen s t o r a g e .  

PRODUCTION RATE 18 t o n s  of 50% s l u s h  p e r  day 

LIQUID HYDROGEN CONSUMPTION 21-112 tons  per  day 

ANTICIPATED DUTY 24 hours  p e r  day, 18.3 days p e r  month 
p l u s  approximately 3 days  for upgrading 
of s t o r e d  s l u s h .  

BATCH TIME 4 hours .  

CRUST BREAKING Mechanical r ake  w i t h  p r o v i s i o n  f o r  
"f reeze-thaw". 

VACUUM PUMPS Either  c ryogenic  ( p r e f e r r e d )  - o r  ambient.  

PROCESS CONTROL 

PROCESS VESSELS 

Manual remote c o n t r o l  from p l a n t  c o n t r o l  
room. 

(2) Approximately 11,000 g a l l o n  c a p a c i t y  
(One on stream, one ag ing)  
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SECTION 10 

CONCEPTUAL DESIGN OF PLANT WITH CRYOGENIC VACUUM PUMP 

This  s e c t i o n  p r e s e n t s  a summary o f  t h e  conceptua l  d e s i g n  f o r  t h e  
s l u s h  hydrogen p l a n t  u t i l i z i n g  a vacuum pump o p e r a t i n g  a t  t h e  s a t u r a t i o n  
tempera ture  of l i q u i d  hydrogen. 

10.1 PLANT OPERATION 

Figure  12 i s  a n  o p e r a t i o n a l  f low s h e e t  f o r  t h i s  p l a n t .  

10.1.1 S l u s h  Product ion  

Liquid hydrogen, s a t u r a t e d  a t  approximately one atmosphere, w i l l  
be  t r a n s f e r r e d  i n t o  one of t h e  d u p l i c a t e  process ing  v e s s e l s  t o  t h e  level  of 
t h e  upper l e v e l  s e n s o r ,  w h i l e  t h e  excess  g a s  i s  vented  from t h e  v e s s e l .  
A f t e r  f i l l i n g ,  t h e  f i l l  and v e n t  va lves  w i l l  be  c l o s e d ,  t h e  vacuum v a l v e  
opened and t h e  vapor from t h e  b o i l i n g  l i q u i d  withdrawn through t h e  vacuum 
Pump 

I n i t i a l l y ,  t h e  pump w i l l  withdraw approximately 4000 l b .  p e r  
hour of  hydrogen b u t ,  a s  t h e  v e s s e l  p r e s s u r e  f a l l s ,  t h e  flow w i l l  g r a d u a l l y  
d e c r e a s e .  Meanwhile t h e  l i q u i d  level w i l l  be  main ta ined  by gradual  a d d i t i o n  
of  l i q u i d  hydrogen. 

The s m a l l  s t irrer w i l l  b e  used i n t e r m i t t e n t l y  t o  prevent  s t r a t i -  
f i c a t i o n  i n  t h e  v e s s e l  u n t i l  t h e  vapor space  p r e s s u r e  reaches  t h e  t r i p l e  
p o i n t  (52.8 torr). This  w i l l  occur  approximately 60 minutes i n t o  t h e  
c y c l e .  

The l i q u i d  l e v e l  c o n t r o l l e r  w i l l  be  turned  o f f  and t h e  mechanical 
r a k e  s t a r t e d  as t h e  formation of s o l i d  b e g i n s .  The pumping ra te  f o r  t h e  
n e x t  t h r e e  hours  w i l l  be c o n s t a n t  a t  about 130 l b .  p e r  hour. A s  t h e  s o l i d  
i s  formed, i t  w i l l  be broken by t h e  rake and w i l l  s e t t l e  i n t o  t h e  l i q u i d .  
A t  i n t e r v a l s ,  t h e  s l u s h  w i l l  be  s t i r r e d  and t h e  p e r c e n t  s o l i d s  read  on t h e  
q u a l i t y  meter.  About f o u r  hours  i n t o  t h e  c y c l e ,  a t  50% s o l i d s ,  t h e  vacuum 
pump w i l l  be  switched t o  t h e  a l ternate  v e s s e l  and a new c y c l e  begun. 

The newly-made s l u s h  w i l l  remain i n  t h e  v e s s e l  f o r  about 3 hours  
of a g i n g  b e f o r e  be ing  p r e s s u r e  t r a n s f e r r e d  out  of t h e  p l a n t  t o  s t o r a g e .  The 
v e s s e l  w i l l  be  r e - f i l l e d  w i t h  l i q u i d  f o r  t h e  next c y c l e .  

10 .1 .2  Gas Disposa l  

The g a s ,  i n  p a s s i n g  through vacuum pump, w i l l  undergo a n  a d i a b a t i c  
t e m p e r a t u r e  r i s e  b u t  t h e  d i s c h a r g e  temperature  w i l l  remain a t  less t h a n  800R. 
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A t  t h i s  tempera ture  and a t  one atmosphere p r e s s u r e ,  hydrogen i s  more 
dense t h a n  ambient a i r  and v e n t i n g  i s  hazardous; a l s o  l i q u i d  a i r  w i l l  
form on any u n i n s u l a t e d  l i n e s .  To reduce t h e s e  hazards  t h e  pump d i s -  
charge  w i l l  be warmed a g a i n s t  r e c i r c u l a t e d  e thy lene  g l y c o l .  The d i s -  
charge ,  now a t  1800R, w i l l  be  t aken  from t h e  p l a n t  t o  t h e  main f a c i l i t y  
hydrogen d i s p o s a l  system. 

10.2 PLAMl LAYOUT 

A p l o t  p l a n  i s  shown i n  F igure  13 and a l ayou t  of t h e  equipment 
i n  F igu re  14. The p l a n t  has two main s e c t i o n s ,  t h e  p rocess ing  v e s s e l s  and 
t h e  vacuum pump, which w i l l  be d i scussed  s e p a r a t e l y .  

10.2.1 P rocess ing  Vesse ls  

A s  d i s c u s s e d  e a r l i e r ,  t h e r e  appears  t o  be some doubt whether 
f r e s h l y  made s l u s h  can  be  t r a n s f e r r e d  a s  r e a d i l y  and r ep roduc ib ly  as s l u s h  
which has  been aged f o r  some hours .  I n  o rde r  t o  make p r o v i s i o n  f o r  ag ing ,  
a r easonab ly  long ba tch  p rocess ing  time i s  r e q u i r e d  w i t h  d u p l i c a t e  v e s s e l s ,  
one on s t r eam and one ag ing .  

To g i v e  a reasonable  ag ing  time wi th  a v e s s e l  s i z e  which could 
be  shop f a b r i c a t e d ,  a ba t ch  t i m e  of four  hours w a s  s e l e c t e d ,  i . e . ,  t h e  
p rocess  w i l l  produce a 6,000 l b .  ba tch  of s l u s h  every  fou r  hour s .  The 
fo l lowing  t a b l e  l i s t s  t h e  main des ign  f e a t u r e s  of t h e s e  v e s s e l s .  

TABLE 9 

PROCESSING VESSEL 

PRELIMINARY SPEC I F  I CAT IONS 

Genera l  Conf igu ra t ion  V e r t i c a l  c y l i n d e r ,  vacuum i n s u l a t e d  

I n n e r  Vesse l :  

Materia 1 S t a i n l e s s  S t e e l  

Dimensions 10 f t .  d iameter  x 20 f t .  8 i n .  h igh  

Working p r e s s u r e  20 p s i g  t o  f u l l  vacuum 

Casing : 

Mate r i a  1 Carbon s t e e l  

Dimensions 11 f t .  d i ame te r  x 29 f t .  high 
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Heat Leak 

F i l l - D r a i n  Line 

Vacuum l i n e  

Vent l i n e  

S a f e t y  Devices 

S t i r r e r  

Crus t  Breaker 

Less t h a n  350 BTU per  hour 

3 i n .  p i p e ,  vacuum i n s u l a t e d  

6 i n .  p i p e ,  vacuum i n s u l a t e d  

4 i n .  p i p e  

( 2 )  4 i n .  b u r s t  d i s k s  w i t h  he l ium purge.  
Blowdown v a l v e  w i t h  helium purge .  
Emergency helium purge l i n e .  

P r o p e l l e r  w i t h  submerged 112 hp motor 

Rake, d r i v e n  by e x t e r n a l  0 - 80 r p m  
motor d r i v e ,  100 i n .  l b s . ,  helium 
purged. 

S lush  Q u a l i t y  I n d i c a t o r  ( 4 )  I k o r  q u a l i t y  senso r s  g i v i n g  average  
or i n d i v i d u a l  r ead ings  

Liquid  Level Cont ro l  ( 2 )  P o i n t  s e n s o r s ,  capac i t ance  type  

Estimated Weights : 

EmP t Y  37,500 l b .  

F u l l  44,000 l b .  

The l i q u i d  phase vacuum i n s u l a t e d  l i n e  i s  connected v i a  a 
c o n t r o l  v a l v e  t o  t h e  f a c i l i t y  l i q u i d  and s l u s h  hydrogen s t o r a g e  t anks  and 
a l s o  t o  n i t r o g e n  and hydrogen gaseous purge l i n e s  f o r  p r e - s t a r t u p  purg ing .  

The ven t  l i n e  i s  connected t o  double b u r s t i n g  d i s k s  ( i n  p l a c e  
of a s a f e t y  v a l v e ) ,  double blow-down v a l v e s  and a back p r e s s u r e  v a l v e .  

. These are manifolded t o g e t h e r  and connected t o  t h e  f a c i l i t y  hydrogen d i s -  
p o s a l  system. A helium purge i s  provided between t h e  b u r s t i n g  d i s k s  and 
between t h e  va lves  t o  reduce  t h e  r i s k  of a i r  i n - l eakage .  

- 
A s e p a r a t e  purge system i s  provided  t o  f lood  t h e  v e s s e l  and p i p i n g  

w i t h  helium i n  a n  emergency. 

The c r u s t  b reak ing  r ake  i s  d r i v e n  by a s m a l l  motor-drive mounted 
i n  a he l ium purged housing on t o p  of t h e  v e s s e l ,  w i t h  a smal l  p o s i t i v e  
p r e s s u r e  of  helium main ta ined  around t h e  s h a f t  s e a l s .  I n  a d d i t i o n  t o  t h e  
mechanical c r u s t - b r e a k e r ,  a n  annular  r i n g  i s  provided i n s i d e  t h e  i n n e r  
c o n t a i n e r  a t  t h e  s lu sh /vapor  i n t e r f a c e ,  w i t h  e n t r y  and e x i s t  connec t ions  
through t h e  o u t e r  c a s i n g .  These connec t ions  are f o r  f u t u r e  use  i n  t h e  

f r e e z e -  thaw" t echn ique .  I 1  



The main vacuum Line from the vapor  phase of t h e  vessel i s  

Each v e s s e l  c a n  be  i s o l a t e d  by a c o n t r o l  
vacuum jacke ted  t o  prevent  a i r  in- leakage  and t o  prevent  t h e  format ion  
of  l i q u i d  a i r  on t h e  o u t s i d e .  
v a l v e  i n  the main l i n e .  

10.2.2 Vacuum Pump 

Some b r i e f  process  requirements  were prepared i n  o r d e r  t o  d i s c u s s  
the cryogenic  pumps w i t h  v a r i o u s  manufacturers .  These are l i s t e d  i n  Tab le  
LO. 

F l u i d  Pumped 

Duty cyc le :  

Phase I 

Phase 11 

S u c t i o n  Pressure :  

Phase I 

Phase I1 

S u c t i o n  Temperature:  

Phase I 

Phase I1 

Required Throughput: 

Phase I 

Phase I1 

O p e r a t  i o n  

TABLE LO 

CRYOGENIC VACULM PUMP 

PROCESS REQUIREMENTS 

Cold gaseous hydrogen 

240 minute  c y c l e  i n  2 phases  

50 t o  LOO miautes  

Balance of  240 minutes  

F a l l i n g  from 760 mm t o  45 mm Hg 

Cons tan t  a t  45 mm Hg. 

F a l l i n g  from 36,5"R t o  24 .8"R 

Cons tan t  a t  24.8"R 

820 l b .  t o t a l  ( i n  50 t o  LOO minutes)  

380 l b .  t o t a l  ( i n  140 t o  190 minutes)  

Continuous,  minimum of  30 f o u r  hour 
c y c l e s  between shut-downs. 
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It w a s  soon recognized t h a t  expe r i ence  i n  compression of  
gases below 140"R was r e s t r i c t e d  t o  a few expansion engines  i n  l i q u i d  
hel ium and hydrogen p l a n t s  and one vacuum pump b u i l t  f o r  NASA i n  1963. 
Seve ra l  major manufac turers  were contac ted  w i t h  d i scourag ing  r e s u l t s ,  
and t h i s  approach was t empora r i ly  shelved i n  f a v o r  of  a pump o p e r a t i n g  
a t  ambient tempera ture .  However, r a t h e r  late i n  the s tudy ,  one major 
manufacturer  submit ted a n  o f f e r  t o  d e s i g n  and b u i l d  a s u i t a b l e  pump. 

A f t e r  reviewing t h i s  proposal ,  i t  was dec ided  t h a t  t h e  c ryogenic  
concept  should be r e - a c t i v a t e d  and made t h e  pr imary des ign .  
a summary of  t h e  pr inc ipLe  f e a t u r e s  o f  t h i s  compressor.  
assumed t h a t  t h i s  machine has a l r e a d y  been designed,  b u t  s u c c e s s f u l  d e s i g n  
and manufacture  now seems e n t i r e l y  f e a s i b l e .  

Tab le  11 is 
It should not  be  

TY Pe 

TABLE 11 

CRYOGENIC VACUUM PUMP 

PRELIMINARY DESIGN 

S i z e  

Cons t ruc t ion :  

Cyl inder ,  p i s t o n  heads 

P i s t o n  r i n g s  

Di s t ance  piece 

Motor 

Cool ing  water 

I n s u l a t i o n  

Ope rat  ion:  

Speed 

Time t o  complete Phase I 

Max. throughput  

S ing le - s t age ,  h o r i z o n t a l  non- lubr ica ted  

r e c i p r o c a t i n g .  

22 i n .  bo re  x 9 i n .  s t r o k e .  

D u c t i l e  i r o n  

Tef lon ,  carbon f i l l e d  

D u c t i l e  i r o n ,  s ea l ed ,  hel ium purged, 

40 HP exp los ion  proof ,  n i t r o g e n  purged. 

None r equ i r ed  

Vacuum j a c k e t  enc los ing  pump c y l i n d e r  

250 rpm 

58 min. 

Approximately 65 lb .  p e r  min. ( a t  760 
Hg s u c t i o n )  
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I 

Throughput i n  Phase I1 Approximately 2 .2  Lb. per min. (a t  
45 mm Hg s u c t i o n )  

Discharge P r e s s u r e  760 mm Hg 

Discharge Temperature 45" t o  77"R. 

Est imated Weight 6,000 Lb. 

TO avoid  excessive thermal stresses, a slow, c o n t r o l l e d  cool -  
down w i l l  be necessary.  
t h e  pump w i l l  b e . s t a r t e d  w i t h  a by-pass c o n t r o l  v a l v e  open. 
i n s i d e  t h e  pump c y l i n d e r  w i l l  i n d i c a t e  t h e  i n t e r n a l  temperature  and t h e  
bypass  valve w i l l  be c losed  g r a d u a l l y  t o  i n c r e a s e  t h e  mass f low through 
t h e  pump. 

After purging w i t h  n i t r o g e n  and ambient hydrogen, 
Thermocouples 

The d i s c h a r g e  from t h e  pump w i l l  be  d iv ided ,  part of  t h e  f low 
going through a c o n t r o l  va lve  and t h e  t u b e s  of  a h e a t  exchanger, and t h e  
ba lance  going through a second c o n t r o l  valve and by-passing t h e  h e a t  ex- 
changer.  The s p l i t  w i l l  be c o n t r o l l e d  t o  main ta in  a temperature  of 180"R 
downstream. The re-combined f low a t  180"R and s l i g h t l y  above atmospheric  
p r e s s u r e  w i l l  be taken  from t h e  p l a n t  t o  t h e  f a c i l i t y  d i s p o s a l  system. 

The s h e l l  s i d e  of  t h e  exchanger w i l l  be connected t o  a c l o s e d  
e t h y l e n e  g l y c o l  loop c o n t a i n i n g  a small pump, a 40 kw e lec t r ic  h e a t e r  and 
a 350 g a l l o n  s t o r a g e  tank.  As noted i n  Table  11, t h e  f low through t h e  
vacuum pump w i l l  d e c r e a s e  from 65 l b .  per min. t o  2 . 2  l b .  p e r  min. i n  t h e  
f i r s t  hour  of  each  c y c l e  and t h e  h e a t  load on t h e  exchanger w i l l  undergo 
a similar 30:l turndown. The g l y c o l  r e s e r v o i r  w i l l  serve as a h e a t  s i n k  
t o  even o u t  thedemandon t h e  e lec t r ic  h e a t e r  over  t h e  four-hour  c y c l e .  
T h i s  w i l l  permit  t h e  use of a small  h e a t e r  o p e r a t i n g  cont inuous ly  r a t h e r  
t h a n  a very  l a r g e  h e a t e r  o p e r a t i n g  i n t e r m i t t e n t l y .  
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SECTION 11 

CONCEPTUAL DESIGN OF PLANT WITH AMBIENT VACUUM PUMP 

A s  mentioned i n  paragraph 10.2.2,  t h e  c ryogenic  vacuum pump 
was, f o r  a t i m e ,  s h e l v e d .  During t h i s  p e r i o d ,  d e s i g n  work was c o n c e n t r a t e d  
on a p l a n t  i n  which t h e  gas  withdrawn from t h e  process  vessels would be 
hea ted  t o  near  ambient temperature  before  e n t e r i n g  t h e  pump. When t h e  
c o l d  pump w a s  r e - i n s t a t e d ,  t h i s  “warm” d e s i g n  was w e l l  advanced and i t  
was decided t h a t  i t  would b e  completed a s  a n  a l t e r n a t i v e .  

The conceptua l  d e s i g n  presented i n  t h i s  s e c t i o n  w i l l  s e r v e  a s  
a ‘‘back-up” t o  t h e  d e s i g n  i n  t h e  preceding s e c t i o n  i n  t h e  event  t h a t  a 
cryogenic  pump i s  no t  forthcoming. It a l s o  g i v e s  a u s e f u l  comparison of 
t h e  equipment requirements  and c o s t s  of t h e  two c o n c e p t s .  

11.1 PLANT OPERATION 

The o p e r a t i o n a l  f lowsheet  f o r  t h i s  p l a n t  appears  i n  F i g u r e  15. 

The s lush-producing o p e r a t i o n  w i l l  be  i d e n t i c a l  w i t h  t h a t  
d e s c r i b e d  i n  paragraph 1 0 . 1 . 1  up t o  t h e  gas  withdrawal  from t h e  process  
v e s s e l s .  I n  t h e  c a s e  now under consid-erat ion,  t h e  s u c t i o n  temperature  
a t  t h e  pump i s  l i m i t e d  t o  a l i t t l e  below ambient (nominally O O F )  and a 
h e a t  exchange s e c t i o n  must be added between t h e  v e s s e l s  and t h e  pump. 
T h i s  added s e c t i o n  w i l l  be  d i s c u s s e d  i n  t h e  next  paragraph .  The d i s c h a r g e  
from t h e  pump, now hea ted  above ambient, can b e  t a k e n  d i r e c t l y  t o  t h e  
f a c i l i t y  d i s p o s a l  system. 

11.2 PLANT LAYOUT 

Figure  16 shows a p l o t  p l a n  f o r  t h i s  p l a n t  and Figure  1 7 ,  t h e  
equipment l a y o u t .  It may b e  s e e n  t h a t  t h i s  p l a n t  r e q u i r e s  an a r e a  some 
20% l a r g e r  t h a n  t h e  prev ious  d e s i g n .  

1 1 . 2 . 1  Process  Vessels 

These are  i d e n t i c a l  w i t h  the v e s s e l s  d e s c r i b e d  i n  paragraph 10.2.1.  

11.2.2 Heat Exchanpe S e c t i o n  

The hydrogen gas  withdrawn from t h e  process  v e s s e l s  w i l l  vary  i n  
0 p r e s s u r e  from 760 t o  52 mm Hg, i n  temperature from 36.5 t o  24-8  R and i n  

m a s s  f low rate  from 60 t o  2.2 l b .  per min. T h i s  flow must be  warmed t o  
t h e  minimum a c c e p t a b l e  tempera ture  a t  t h e  e n t r a n c e  t o  t h e  vacuum pump. 
T h i s  w a s  f i x e d  f o r  d e s i g n  purposes a t  460°R, a l though 420°R could 
probably  b e  t o l e r a t e d  by most machines e 
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FIGURE 17 
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I 

The hazards  and problems surrounding t h e  h e a t  exchanger f o r  
t h i s  s e r v i c e  are s e l f - e v i d e n t .  Any f l u i d  l eak ing  i n t o  t h e  sub-atmospheric 
c o l d  hydrogen stream (except  helium o r  hydrogen) would f r e e z e ,  caus ing  a t  
least  p a r t i a l  plugging of t h e  h e a t  exchanger o r  worse i f  a i r  was involved .  
It w a s  dec ided  t h a t  t h e  convent iona l  hea t  exchange media (water, a i r ,  
e t h y l e n e  g l y c o l ,  e t c . )  could no t  b e  recommended f o r  t h i s  s e r v i c e  and a 
s h e l l  and tube exchanger w i t h  helium i n  t h e  s h e l l  w a s  adopted .  A l l  
s e c t i o n s  of t h e  p l a n t  con ta in ing  c o l d  sub-atmospheric hydrogen would t h e n  
be j a c k e t e d ,  e i t h e r  w i t h  vacuum o r  w i t h  helium. It w a s  recognized  t h a t  
t h i s  approach might add 5 percen t  t o  t h e  t o t a l  c o s t  o f  t h e  p l a n t  bu t  i t  
seemed t o  be  j u s t i f i e d  on the  grounds of s a f e t y .  

Over t h e  fou r  hour c y c l e ,  a n  average  of 420,000 BTU p e r  hour o r  
about 125 kw, must be  added t o  t h e  hydrogen stream. A b r i e f  look a t  t h e  
vacuum pumps showed t h a t ,  owing t o  t h e  i n e f f i c i e n c y  of t h e s e  machines, a l l  
t h i s  hea t  would be  a v a i l a b l e  i n  t h e  pump c o o l a n t  and could be  used t o  h e a t  
t h e  he l ium stream. A c losed  helium loop, t r a n s f e r r i n g  h e a t  from t h e  pump 
c o o l a n t  t o  t h e  hydrogen stream v i a  two h e a t  exchangers and a compressor was 
inc luded  i n  t h e  des ign .  Owing t o  t h e  vary ing  hydrogen flow t h e r e  w i l l  be  
a d e f i c i e n c y  of h e a t  a t  t h e  s ta r t  of t he  c y c l e  bu t  an  o v e r a l l  s u r p l u s .  
For t h i s ,  a s m a l l  e l e c t r i c  h e a t e r  and an  a i r  c o o l e r  were inc luded  i n  t h e  
pump c o o l a n t  loop. 

11.2.3 Vacuum Pump 

The p rocess  requirements f o r  t h i s  "warm" pump a r e  t h e  same a s  
t h o s e  l i s t e d  i n  Table  10 f o r  t h e  c o l d  pump except t h a t  t h e  s u c t i o n  tempera ture  
w i l l  be  c o n s t a n t  a t  0 F .  0 

Some p a s t  experiments i n  hydrogen s l u s h  p roduc t ion  have used 
o i l - s e a l e d  r o t a r y  p i s t o n  vacuum pumps. These a r e  r e a d i l y  a v a i l a b l e  and 
were s a t i s f a c t o r y  i n  l a b o r a t o r y  - s c a l e  work. However, f o r  t h e  p r e s e n t  
l a r g e r  a p p l i c a t i o n ,  t hey  have two apparent  d i sadvan tages .  F i r s t ,  a b a t t e r y  
of  n i n e  o f  t h e  l a r g e s t  commercial u n i t s  i n  p a r a l l e l  would be  r e q u i r e d ,  and 
second,  t h e r e  i s  a problem of o i l  back-streaming from t h e  pumps i n t o  t h e  
h e a t  exchanger wi th  consequent fou l ing  o r  p lugging  of t h e  u n i t .  A p a r t i a l  
s o l u t i o n  t o  t h i s  could  be a two-stage u n i t ,  a s i n g l e  d r y  lobe- type  b o o s t e r  
backed by f i v e  o i l - s e a l e d  pumps i n  p a r a l l e l .  Another p o s s i b i l i t y  w a s  two 
e t h y l e n e  g l y c o l  s e a l e d  lobe-type blowers i n  series.  T h i s ,  however, p re sen ted  
an  even  worse back-streaming problem and was not  thought t o  be  f u l l y  developed. 
A l l  t h e s e  a l t e r n a t i v e s  r e q u i r e d  325 t o  360 H p  and ranged i n  c o s t  from 
$62,500 t o  $125,000 ( i n s t a l l e d ) .  

It w a s  dec ided  t h a t  backstreaming could  no t  be  t o l e r a t e d ,  even a t  
t h e  c o s t  of a more complex compression system, and a t t e n t i o n  w a s  focused on 
d r y - s e a l e d  b lowers .  
series,  t h r e e  d r y  lobe- type  blowers followed by one l u b r i c a t e d  r e c i p r o c a t i n g  
compressor.  I n t e r c o o l e r s  w i l l  be provided between each s t a g e  w i t h  blow-off 

The system f i n a l l y  adopted w i l l  use  fou r  s t a g e s  i n  
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check valves after the first three stages. It is felt that the three dry 
stages, all operating continuously, will effectively prevent any oil 
back-streaming from the fourth stage.. This system will require one 
300 HP motor and two 75 HP motors but the maximum total demand at any time 
will be approximately 350 HP. This pumping system is estimated to cost 
$105,000 installed. The estimated weight is 35,000 lb. 

The discharge from this system, somewhat above ambient temperature 
and pressure, will be conducted directly to the main facility disposal area. 
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SECTION 12 

SLUSH HYDROGEN STORAGE 

I n  t h e  preceding  s e c t i o n s ,  i t  h a s  been assumed t h a t  t h e  s l u s h  
produced i n  t h i s  p l a n t  w i l l  be s t o r e d  i n  b u l k  s t o r a g e  tanks  which w i l l  
form a p a r t  of t h e  main E/STS 2-3 f a c i l i t y .  
under t h i s  c o n t r a c t  t o  des ign  t h e s e  s t o r a g e  t a n k s ,  bu t  i n  t h i s  s e c t i o n  
some of  t h e  f e a t u r e s  of  s l u s h  s t o r a g e  w i l l  be o u t l i n e d .  

No a t t empt  has  been made 

12 .1  EFFECT OF HEAT LEAK 

It should be noted t h a t ,  as long as a l l  t h r e e  phases a r e  p r e s e n t  
i n  a s t o r a g e  t ank ,  any h e a t  added t o  t h e  t ank  w i l l  conve r t  s o l i d  t o  t r i p l e  
p o i n t  l i q u i d  a t  a r a t e  of  one pound of s o l i d  l o s t  f o r  every  25 BTU added. 
As an  example, s l u s h  s t o r e d  i n  a 500,000 g a l l o n  tank  w i t h  a normal evapora t ion  
rate (NER) i n  l i q u i d  s e r v i c e  of 0.06% per  day (hea t  l e a k  = 1500 BTU p e r  hour) 
would d e t e r i o r a t e  a t  0.5% p e r  day i f  t h e  t ank  was f u l l  o r  2% p e r  day i f  t h e  
t ank  was only 25% f u l l .  Thus, t h e r e  may be  g r e a t e r  i n c e n t i v e  t o  minimize 
h e a t  l e a k  i n  des ign ing  f o r  s l u s h  s t o r a g e  t h a n  f o r  conven t iona l  l i q u i d  
hydrogen. 

T h i s  same problem w i l l ,  i n c i d e n t a l l y ,  ar ise  i n  any f u t u r e  s tudy  
of t h e  t r a n s p o r t a t i o n  of s l u s h ,  f o r  example s l u s h  t r a n s p o r t e d  i n  a v e h i c l e  
having  a l i q u i d  NER of 0.5% per  day w i l l  d e t e r i o r a t e  a t  4% p e r  day. 

12.2 UPGRADING OF SLUSH 

S ince  some of t h e  s l u s h  produced i n  t h i s p p l a n t  w i l l  be  i n  s t o r a g e  
f o r  up t o  30 days ,  some system of upgrading o r  r e c o n s t i t u t i n g  t h e  s t o r e d  
s l u s h  w i l l  obvious ly  be r e q u i r e d .  The f i r s t  approach t o  t h i s  was t o  connect 
t h e  gas  phase of t h e  s t o r a g e  t ank  t o  t h e  p l a n t  vacuum pump and upgrade 
d i r e c t l y .  Th i s  approach, however, i s  thought  t o  be u n n e c e s s a r i l y  hazardous 
and i s  no t  recommended. 

An a l t e r n a t e  method which appears  q u i t e  f e a s i b l e  would s e p a r a t e  
some of t h e  t r i p l e  p o i n t  l i q u i d  from t h e  s o l i d  i n  t h e  t ank  and r e t u r n  i t  
t o  t h e  s l u s h  p l a n t  f o r  r e -p rocess ing .  A small l i n e  wi th  a screened  e n t r a n c e  
would be  provided a t  t h e  bottom o f  the  s t o r a g e  tank  t o  separate and r e t u r n  
t h e  l i q u i d .  

12 .3  STORAGE AND TRANSFER, 

S t o r a g e  of s l u s h  under hydrogen vapor a t  t h e  t r i p l e  p o i n t  i s  
cons ide red  unaccep tab le  f o r  s a f e t y  reasons .  N.B.S. Report  8881 d i s c u s s e s  
s t o r a g e  under e i t h e r  helium o r  hydrogen a t  a small  p o s i t i v e  p r e s s u r e  and 
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concludes t h a t  e i t h e r  gas  may be used. However, t o  f i l l  a m i l l i o n - g a l l o n  
s t o r a g e  tank  w i t h  helium a t  25 R and 1 a t m .  b e f o r e  s t a r t i n g  s l u s h  
p roduc t ion ,  would r e q u i r e  approximately 3 m i l l i o n  NTP cub ic  f e e t  o f  gas .  
Although t h i s  helium could be  recovered f o r  r e - u s e  as t h e  t ank  i s  f i l l e d ,  
t h e r e  i s  an  obvious i n c e n t i v e  t o  u s e  hydrogen. 

0 

It appears  t h a t ,  once a s t r a t i f i e d  l a y e r  i s  formed a t  t h e  i n t e r -  
f a c e ,  s t o r a g e  under hydrogen would be  f e a s i b l e .  I n  f a c t ,  i t  can  be 
t h e o r i z e d  t h a t ,  owing t o  hydrogen's l o w e r  thermal  c o n d u c t i v i t y  a t  low 
tempera tures ,  i t  would be s u p e r i o r  t o  he l ium as a p r e s s u r i z a t i o n  gas .  

A s  f a r  as it i s  known, hydrogen s l u s h  has  n o t  y e t  been t r a n s f e r r e d  
by pumping and, u n t i l  s u i t a b l e  pumps a r e  a v a i l a b l e ,  only p r e s s u r e  t r a n s f e r  
can be recommended. Hydrogen g a s ,  e i t h e r  w a r m  o r  c o l d ,  should be  s u i t a b l e  
f o r  s h o r t - d u r a t i o n  t r a n s f e r  o f  s l u s h  between t anks .  

12 .4  STORAGE AND RUN CONCEPT 

The f i r s t  t es t s  a t  E/STS 2-3 w i l l  probably use conven t iona l  
l i q u i d  hydrogen w i t h  s l u s h  be ing  used i n  a l a t e r  phase.  S ince  i t  w i l l  
obvious ly  be d e s i r a b l e  t o  use  t h e  l i q u i d  s t o r a g e  t ank  f o r  s l u s h  s t o r a g e ,  
t h e  p e c u l i a r  requi rements  of  s l u s h  m u s t  be recognized e a r l y  i n  t h e  d e s i g n  
of t h e  f a c i l i t y .  

Th i s  was t h e  s u b j e c t  of a b r i e f  s tudy ,  based on t h e  l i m i t e d  
in fo rma t ion  now a v a i l a b l e .  The concept p re sen ted  i n  Appendix I1 i s  p r e -  
l imina ry  i n  scope and has no t  been optimized, b u t  does p r e s e n t  some of 
t h e  requi rements  which should be  m e t  by t h e  l i q u i d  s t o r a g e  d e s i g n  i f  
s l u s h  i s  t o  be added l a t e r  i n  t h e  program. 
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SECTION 13 

OPERATIONAL FEATURES 

13 .1  SAFETY CONSIDERATIONS 

I 

The s l u s h  hydrogen p l a n t ,  a s  p r e s e n t l y  conceived, involves  a l l  
t h e  well-known hazards  inhe ren t  i n  t h e  hand l ing  and p rocess ing  of  l i q u i d  
and gaseous hydrogen p l u s  t h e  a d d i t i o n a l  problem of handl ing  c o l d  hydrogen 
g a s ,  l i q u i d  and s o l i d ,  a t  sub-atmospheric p r e s s u r e .  

P l a n t  s a f e t y  w a s ,  of cour se ,  cons ide red  con t inuous ly  throughout 
t h e  e n t i r e  s t u d y .  It i s  proposed he re  t o  h i g h l i g h t  some of t h e  main 
s a f e t y  c o n s i d e r a t i o n s  i n  t h e  conceptual d e s i g n .  

13.1.1 P l a n t  Layout 

To minimize t h e  s l u s h  t r a n s f e r  problem t h e  p l a n t  w i l l  be loca t ed  
as c l o s e  a s  p o s s i b l e  t o  t h e  bu lk  hydrogen s t o r a g e ,  t h e  a c t u a l  d i s t a n c e  be ing  
governed by t h e  q u a n t i t y - d i s t a n c e  c r i t e r i a  f o r  t h e  s t o r a g e  t a n k s .  However, 
i t  w a s  f e l t  t h a t  t h e  p l a n t  should be  enc losed  i n  a fenced a r e a ,  and t h e  
boundary was r a t h e r  a r b i t r a r i l y  se t  a t  50 f e e t  from t h e  n e a r e s t  hydrogen 
equipment w i t h i n  t h e  p l a n t .  

It was assumed t h a t  t h e  e n t i r e  a r e a ,  except  t h e  i n t e r i o r  of t h e  
p l a n t  c o n t r o l  b u i l d i n g ,  w i l l  be c l a s s i f i e d  Class I,  D i v i s i o n  1, Group B 
under t h e  Na t iona l  E l e c t r i c  Code. It must be recognized  t h a t  some pieces 
of equipment, no tab ly  l a r g e  motors,  a r e  n o t  a v a i l a b l e  i n  Group B .  I n  t h e s e  
c a s e s  a n i t r o g e n  purge has been i n d i c a t e d  on t h e  o p e r a t i o n a l  f lowshee t .  

13 .1 .2  Hydrogen Under Vacuum 

During o p e r a t i o n ,  t h e  p rocess ing  v e s s e l s  and main p l a n t  p i p i n g  
w i l l  c o n t a i n  hydrogen a t  sub-atmospheric p r e s s u r e .  There i s  an obvious 
r i s k  t h a t  any leakage i n  t h e  system w i l l  produce contaminat ion  of t h e  
hydrogen stream and, i f  t h e  s t ream tempera ture  a t  t h e  p o i n t  of leakage i s  
below t h e  f r e e z i n g  p o i n t  of t h e  f o r e i g n  m a t e r i a l ,  a bu i ldup  of s o l i d  
contaminant  may occur .  
be no more t h a n  a nu i sance ,  bu t  i f  oxygen i s  involved ,  ( e . g . ,  i n  a i r )  t h e  
hazard  i s  r e a l .  

I n  t h e  c a s e  of most contaminants ,  t h i s  bu i ldup  may 

To reduce  t h i s  r i s k  a l l  these  s e c t i o n s  of t h e  p l a n t  are j acke ted  
e i t h e r  w i t h , a  h ighe r  vacuum o r  w i t h  helium s o  t h a t  t h e  hydrogen stream i s  
n o t  exposed t o  t h e  a i r .  Relief va lves  are n o t  used on t h e  p rocess  vessels 
and a helium purge between double b u r s t  d i s k s  has been added. Valves are  
enc losed  i n  helium p r e s s u r i z e d  j a c k e t s  t o  prevent  i n - l eakage  of a i r  through 
t h e  packing  where t h e r e  may be  a vacuum on b o t h  s i d e s  of t h e  va lve .  I n  
o t h e r  l o c a t i o n s  a p o s i t i v e  p r e s s u r e  of  hydrogen i s  main ta ined  above t h e  
v a l v e  s e a t  o r ,  i n  t h e  c a s e  of t h e  v e s s e l  blow-down l i n e ,  double v a l v e s  w i t h  
he l ium purg ing  i s  used .  
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Gaseous n i t ro-gen  and hydrogen purge  connec t ions  are provided 
i n  t h e  l i q u i d  hydrogen f i l l  l i n e  t o  p e r m i t  purg ing  of t h e  e n t i r e  p l a n t  
from t h e  f i l l  l i n e  through t o  t h e  ven t  l i n e  b e f o r e  s t a r t - u p .  

13.1.3 Di sposa l  of Waste Hydrogen 

The flow ra te  of t h e  hydrogen d i scha rged  from t h e  vacuum pump 
w i l l  va ry  from about 3,600 t o  130 l b .  per  hour .  Cons ide ra t ion  w a s  g iven  
t o  e i t h e r  v e n t i n g  o r  f l a r i n g  t h i s  gas w i t h i n  t h e  s l u s h  p l a n t  b u t  t h i s  
w a s  abandoned. Venting of t h e  l a r g e  flow was thought t o  be a t  b e s t  margina l  
i n  s a f e t y  and f l a r i n g  of t h e  widely vary ing  flow would be q u i t e  d i f f i c u l t .  
Consequently,  t h e  d i s c h a r g e  w i l l  be connected d i r e c t l y  i n t o  t h e  main 
E/STS 2-3 d i s p o s a l  system. 

I n  t h e  even t  of a f a i l u r e  of t h e  vacuum pump t h e r e  i s  a p o s s i b i l i t y  
of back-streaming of a i r  from t h e  d i s p o s a l  system i n t o  t h e  p l a n t .  An oxygen 
a n a l y z e r  w i l l  be  loca t ed  i n  t h e  d i scha rge  p i p i n g  and connected t o  a n  alarm 
and a n  emergency purge system. Should t h i s  ana lyze r  d e t e c t  a hazardous 
c o n c e n t r a t i o n  of oxygen, t h e  process  v e s s e l s ,  p i p i n g  and compressor w i l l  
a u t o m a t i c a l l y  be purged w i t h  helium from a s p e c i a l  emergency gas s t o r a g e .  

13.2 PLANT CONTROL 

The vacuum pumping p rocess  i s  s imple  and no c o n t r o l  problems a r e  
a n t i c i p a t e d .  It i s  e s t ima ted  t h a t  e i t h e r  p l a n t  w i l l  r e q u i r e  two o p e r a t o r s  
on each s h i f t  p l u s  one p l a n t  s u p e r v i s o r .  

The only c r i t i c a l  i n s t r u m e n t a t i o n  i s  t h e  s l u s h  q u a l i t y  m e t e r .  
Development of a s u i t a b l e  ins t rument  w i l l  be  desc r ibed  i n  S e c t i o n  15. 

13 .3  PLANT RELIABILITY 

The use  of  r o t a t i n g  machinery i n s i d e  t h e  p rocess ing  v e s s e l s  
p r e s e n t s  some obvious problems. However, it i s  f e l t  t h a t  c a r e f u l  d e s i g n  
e f f o r t  can  r e s u l t  i n  r e l i a b l e  mechanical c r u s t  b reake r s  and s t i r re rs .  
The o t h e r  major i t e m s  of equipment, vacuum pump, compressor, e t c .  a r e  
of  e s s e n t i a l l y  s t andqrd  d e s i g n  and should have commercial r e l i a b i l i t y .  
Approximately $10,000 has been allowed f o r  spare p a r t s  i n  t h e  c o s t  
estimates. 
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SECTION 14 

COST AND SCHEDULE ESTIMATES 

Three e s t i m a t e s  have been prepared f o r  each of  t h e  two 

1 conceptua l  des igns ,  c a p i t a l  c o s t ,  c o n s t r u c t i o n  schedule ,  and o p e r a t i n g  
c o s t .  These are p resen ted  below. 

I 

14 .1  CAPITAL COST ESTIMATE 

Before d i s c u s s i n g  t h e  " c a p i t a l  cos t "  of  t h i s  p l a n t  i t  i s  essent lLa1 
t h a t  t h e  t e r m  be d e f i n e d .  The f i g u r e s  p re sen ted  h e r e  are estimates of t:he 
p r i c e  which NASA should expec t  t o  pay i n  o rde r  t o  have t h e  p l a n t  d e s i g n e d ,  
f a b r i c a t e d ,  i n s t a l l e d  and checked out  ready f o r  s t a r t - u p ,  us ing  e x i s t i n g  
commercial s t anda rds  f o r  l i q u i d  hydrogen p l a n t s .  1 

Since  t h e  p l a n t  i s  t o  be  a t  a NASA f a c i l i t y ,  t h e r e  may be  s tandairds  
a p p l i e d  which would exceed normal commercial s t anda rds  b u t  a d d i t i o n a l  cost :  
f o r  t h e s e  has not  been e s t ima ted .  Some a d d i t i o n a l  c o s t  could,  most l ike l : ) r ,  
be encountered i n  meeting r igorous  c l ean ing  s p e c i f i c a t i o n s .  

Numerous problem areas have been i n d i c a t e d  from t i m e  t o  t i m e  i n  
t h i s  r e p o r t .  The c a p i t a l  c o s t  e s t ima tes  do not  i n c l u d e  any development 
money f o r  s o l v i n g  t h e  b a s i c  problems such as optimum des ign  of t h e  c r u s t -  
b r e a k e r ,  sFale-up of "freeze-thaw" technique ,  e tc .  It i s  assumed t h a t  t h e  
s t a t e - o f - t h e - a r t  w i l l  have advanced t o  t h e  p o i n t  where only  normal eng inee r ing  
d e s i g n  e f f o r t  w i l l  be  r e q u i r e d .  

1 4 . 1 . 1  C a p i t a l  Cost - P l a n t  w i t h  Cryogenic Pump 

The fo l lowing  t a b l e  l i s t s  t he  c o s t  of t h e  p l a n t  d e s c r i b e d  i n  
S e c t i o n  10. 
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CAPITAL COST - PLANT with CRYOGENIC PUMP 

Yardwork, buildings and foundations 

Installed equipment: 

Production Vessels 

Vacuum Pump 

Instrumentation 

Other 

$ 47,600 

$226,000 

48 , 300 

62 , 500 

89,400 

426 , 200 

Installed piping: 

Vacuum insulated 33,100 

Other 38,100 

Electrical equipment and wiring 

Spare parts 

Engineering 

Field supervision and job set-up 

71,200 

33 , 100 

10 , 600 

141,000 

37,000 

$766,700 
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14.1.2 Capital Cost - Plant with Ambient Pump 

Table 13 gives the estimated cost of the plant described 
in Section 11. 

TABLE 13 

CAPITAL COST - PLANT with AMBIENT PUMP 

Yardwork, buildings and foundations 

Installed equipment: 

Production vessels $226 , 000 

Vacuum pump 105,000 

Instrumentation 62 , 500 

Other 119,800 

$ 51,100 

513,300 

Ins tal led piping : 

Vacuum insulated 21,800 

Other 53,200 

P 
I 

Electrical equipment and wiring 

Spare parts 

Engineering 

Field supervision and job set-up 

75,000 

56,300 

10,600 

141 , 000 

37,000 

$884,300 
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14.2 CONSTRUCTION SCHEDULE 

It is estimated that, after the necessary development work is 
completed, either of the two alternate plants could be designed, fabricated, 
installed and checked-out, ready for start-up in 20 months from the award 
of a contract. Again, this estimate is based on existing commercial 
standards; application of more stringent specifications might well extend 
the schedule. A list of the major milestones in the schedule follows: 

TABLE 14 

CONSTRUCTION SCHEDULE MILESTONES 

Project authorized 

Process design completed 

Equipment purchase orders written 

Equipment delivered to site 

Installation complete 

System checkout complete 

D + 0 months 

D + 2 months 

D + 5% months 

D + 16 months 

D + 18 months 

D + 20 months 



14.3 OPERATING COST ESTIMATES 

The fo l lowing  t a b l e s  c o n t a i n  estimates of  t h e  d i r e c t  o p e r a t i n g  
c o s t s  of  t h e  two p l a n t s  on a monthly b a s i s .  

TABLE 15 

I 

OPERATING COST ESTIMATE 

PLANT w i t h  CRYOGENIC PUMP 

Labor, 2 men pe r  s h i f t  

Supe rv i s ion  

Overhead, 55% 

Ni t rogen  and helium 

Power, 40,000 Kw h r .  

$2,520 

800 

3,320 

1,830 

5,150 

1,000 

400 

$6,550 

i 
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TABLE 16 

OPERATING COST ESTIMATE 

PLANT wi th  AMBIENT PUMP 

Labor, 2 men per  s h i f t  

Supe rv i s ion  

Overhead, 55% 

Nitrogen and helium 

Power, 260,000 Kw h r .  

$2,520 

800 

3,320 

1,830 

5,150 

1,200 

2 630 

$8 950 

The t o t a l  p roduct ive  l i f e  of t h i s  p l a n t  i s  not known, bu t  
i s  assumed t o  be r e l a t i v e l y  s h o r t ;  hence no estimate of maintenance 
c o s t  has  been made. Also, . t h e  u n i t  c o s t  of l i q u i d  hydrogen is not 
known and has  been omi t ted .  The es t imated  consumption o f  l i q u i d  i s  
800,000 lb .  p e r  month t o  produce 660,000 lb .  of s l u s h .  



SECTION 15 

I 

i 

REVIEW OF PROBLEM AREAS AND DEVELOPMENT PROGRAMS 

It could r e a d i l y  b e  s e e n  throughout t h i s  s t u d y  t h  t h e  r e q u i r e -  
ments of t h e  conceptua l  d e s i g n  w e r e  running ahead of t h e  p r e s e n t  s t a t e - o f -  
t h e - a r t  i n  s l u s h  hydrogen product ion  and handl ing .  I n  t h i s  concluding 
s e c t i o n  t h e  a r e a s  of  doubt w i l l  be reviewed, w i t h  some recommendations f o r  
development programs t o  c l o s e  t h e  obvious t e c h n o l o g i c a l  gaps which now 
exis t  . 

The development work which i s  i n  process  a t  NBS and Wright- 
P a t t e r s o n  A.F. Base i s  y i e l d i n g  much v a l u a b l e  informat ion  from labora tory-  
scale equipment. However, i t  i s  u n l i k e l y  t h a t  a c o n f i d e n t  sca le -up  from 
t h e  l a b o r a t o r y  t o  tonnage product ion  w i l l  b e  p o s s i b l e  wi thout  exper ience  
a t  a n  i n t e r m e d i a t e  s i z e .  It i s  t h e r e f o r e  recommended t h a t  a p i l o t  p l a n t  
be  b u i l t  and opera ted  b e f o r e  t h e  tonnage f a c i l i t y  i s  designed.  This  p l a n t  
would be used t o  provide informat ion  on product ion  techniques  and would 
a l s o  provide  t h e  product  s l u s h  f o r  o ther  t e s t  and development programs. 
A c a p a c i t y  of about 5,000 l b .  o f  s l u s h  p e r  day i s  suggested f o r  t h i s  p i l o t  
p l a n t .  T h i s  would produce a road t r a i l e r  of s l u s h  i n  one t o  two days and 
a tank  car i n  t h r e e  t o  fou r  days and would be  of adequate  s i z e  t o  provide  
s c a l e - u p  d a t a  f o r  t h e  l a r g e r  p l a n t .  

The fol lowing paragraphs o u t l i n e  some of t h e  s h o r t - r a n g e  and 
long-range programs porposed f o r  t h i s  p i l o t  p l a n t .  

1 5 . 1  IMMEDIATE DEVELOPMENT PROGRAMS 

The fol lowing i s  a summary of  t h e  development programs which 
w i l l  b e  r e q u i r e d  b e f o r e  c o n f i d e n t  d e s i g n  can  be  made of a system t o  
s a t i s f y  t h e  immediate needs of t h e  Nuclear Rocket T e s t  Program. Programs 
t o  ex tend  t h e  use of s l u s h  beyond t h e  immediate o b j e c t i v e s  w i l l  be de- 
s c r i b e d  i n  a l a t e r  paragraph.  

15 .1 .1  S lush  Transpor t  C h a r a c t e r i s t i c s  

The f u t u r e  use  of  s l u s h  on any reasonably  l a r g e  scale depends 
a lmost  e n t i r e l y  on t h e  s u c c e s s f u l  development of  methods of  t r a n s f e r r i n g  
s l u s h  through p i p e l i n e s .  
scale which have been r e p o r t e d  t o  d a t e  are t h o s e  a t  N.B.S. The success  
of  t h e s e  p r e l i m i n a r y  t e s t s  has caused some j u s t i f i e d  optimism b u t  d e f i n i t i v e  
answers  are  u r g e n t l y  needed. 

The only c o n t r o l l e d  experiments  on any p r a c t i c a l  

The o b j e c t i v e s  of t h i s  program are  fou r  i n  number: 

1. Determine t h e  maximum q u a l i t y  s l u s h  which can b e  r e l i a b l y  
and r e p r o d u c i b l y  t r a n s f e r r e d  between s t o r a g e  tanks  i n  a s imple p i p e l i n e  
sys tem.  
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2.  Determine the design parameters for such a system, using 
hydrogen gas pressurization for the transfers. This work will require 
the collection of data on the viscosity of slush of varying quality. 

3. Develop techniques for the long-term bulk storage of slush 
at atmospheric pressure. 

4 .  Develop methods for upgrading or reconstituting slush in 
storage. 

15.1.2 Vacuum Process Scale-up 

The true hydrogen slush, sometimes called "fluid hydrogen slush", 
appears to be a fairly homogeneous mixture of triple-point liquid and 
more-or-less uniform solid particles, about 3 mm in diameter. There have 
been reports of successful production of this material in laboratory work 
and also some unpublished reports of failures in larger equipment. From 
this it can be deduced that the use of wrong scale-up factors can produce 
liquid-solid miFtures which are not true slush. 

techniques discussed in Section 8 at a reasonably large scale. 

15.1.3 Cryogenic Vacuum Pump 

The pilot plant would be used to evaluate the various production 

As discussed in paragraph 10.2.2, a reciprocating pump operating 
at liquid hydrogen temperature now seems feasible but this machine has not 
been designed. The pilot plant mentioned above would, of course, provide 
an opportunity to develop a reliable cryogenic pump, with significant bene- 
fits to the cryogenic industry. 

15.1.4 Instrumentation 

Optimum operation of the batch process requires that the cycle 
be terminated when the slush quality is just below the maximum dictated 
by transport characteristics. Thus, an indication of average percent solid 
in the vessel is almost essential. 

In response to Linde's request, Ikor, Inc. of Burlington, Massa- 
chusetts submitted a technical proposal for a densitometer for this service, 
with a budgetary cost estimate of $24,000 for 8 sensors ( 4  in each vessel) 
and one converter and display. The proposed instrument uses a matrix type 
of capacitance transducer whose output is said to be independent of the 
geometry of phase distribution. Although it was felt that use of this 
instrument in liquid-solid mixtures is not yet fully proven, it was in- 
cluded in the conceptual design and cost estimate. 

There appears to be an immediate need for improved instrumentation 
for slush production and transfer. The order of priority for a development 
program should be: 

1. Quality measurement in static vessels. 

2. Remote pressure indication in the 50 torr range. 

3 .  Rate of flow of slush in pipelines. 
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15.2 LONG RANGE DEVELOPMENT PROGRAMS 

i 

I 

Most of t h e  development e f f o r t s  mentioned so  f a r  i n  t h i s  s e c t i o n  
would be d i r e c t e d  toward a prompt and s u r e  s o l u t i o n  t o  t h e  immediate problem 
a t  E/STS 2-3. However, i f  s l u s h  i s  t o  r each  a s t a t e  of development and use 
comparable w i t h  l i q u i d  hydrogen, some more fundamental work w i l l  be  
necessa ry .  

The programs d i scussed  below go beyond t h e  scope of t h e  p re sen t  
program and would lead t o  t h e  product ion  and d i s t r i b u t i o n  of s l u s h  on a 
wide scale.  

15 .2 .1  D i s t r i b u t i o n  of S lush  

The program o u t l i n e d  i n  paragraph 15 .1 .1  i s  d i r e c t e d  only toward 
t h e  minimum o b j e c t i v e  of t r a n s f e r r i n g  s l u s h  between v e s s e l s  by p r e s s u r i z a t i o n .  
Obvious ly , i f  s l u s h  i s  t o  be used i n  a widespread program of t e s t i n g  and 
actual use  i n  nuc lea r  and chemical rocke t  eng ines ,  a second development 
program of much broader  scope must be  under taken  when s l u s h  i s  a v a i l a b l e  i n  
adequate  q u a n t i t i e s .  

The o b j e c t i v e s  of t h i s  program would be :  

1. Develop s u i t a b l e  pumps f o r  t h e  t r a n s f e r  of s l u s h  i n  t h e  range 
of flows and p r e s s u r e s  now covered by l i q u i d  hydrogen t r a n s f e r  pumps. 

2. Develop t r a n s p o r t  v e h i c l e s  (road t r a i l e r s  and/or  r a i l  t ank  
c a r s )  f o r  t h e  long-d i s t ance  t r a n s p o r t a t i o n  of s l u s h .  The p o s s i b i l i t y  ex is t s ,  
of c o u r s e ,  t h a t  e x i s t i n g  v e h i c l e s  can b e  used unchanged o r  w i t h  mod i f i ca t ions  
bu t  t h i s  must be demonstrated by a c t u a l  t e s t .  

15.2.2 "On-board'' Use of S lush  

Very l i t t l e  i s  known of the  behavior  of  s l u s h  when s u b j e c t e d  t o  
f l i g h t  c o n d i t i o n s ,  p a r t i c u l a r l y  t h e  e f f e c t  of h igh  and low g - f i e l d s .  There 
i s  a n  obvious need f o r  e x p l o r a t o r y  s t u d i e s  i n  t h i s  a r e a  e a r l y  i n  t h e  o v e r a l l  
s l u s h  development program. 

15 .2 .3  Commercial P roduc t ion  of Slush 

The b a t c h  vacuum process ,  w h i l e  recommended f o r  t h e  t e s t  program 
f o r  which t h i s  s tudy  was made, has obvious l i m i t a t i o n s  f o r  long-term 
commercial o p e r a t i o n s .  A s  i n d i c a t e d  i n  S e c t i o n  7 ,  t h e  helium r e f r i g e r a t i o n  
p r o c e s s  may have d e f i n i t e  advantages i f  t h e  i n i t i a l  investment i s  t o  b e  
amor t ized  over a reasonably  long pe r iod ,  b u t  t h e r e  has been v i r t u a l l y  no 
p r a c t i c a l  expe r i ence  w i t h  t h i s  p rocess .  The most obvious problem w i l l  be  
t h e  l a c k  of i n fo rma t ion  on t h e  product ion  of c ryogenic  s o l i d s  on a h e a t  
t r a n s f e r  s u r f a c e .  I f  s u i t a b l e  equipment can  be developed i t  i s  a t  l e a s t  
t h e o r e t i c a l l y  p o s s i b l e  t o  o p e r a t e  t h i s  p rocess  e n t i r e l y  i n  t h e  l i q u i d - s o l i d  
phase ,  w i thou t  t h e  d i sadvan tages  of o p e r a t i o n  a t  sub-atmospheric p r e s s u r e .  



i 

It is felt that the final objective of a slush development 
program would be centrally located plant or plants, operating on a 
continuous process, and supplying slush by road or rail to remote use 
points. 

i 
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APPENDIX I 

HYDROGEN COMPRESSION EQUIPMENT 

, 

The present study of hydrogen slush production techniques 
proved the validity of an earlier finding (Reference 1) that the vacuum 
pumping method offered technically and economically the most straight- 
forward approach for earth based slush productions in the quantities as 
specified by the present contract. 

Compared to the other examined methods, the vacuum pumping 
scheme is proven and is characterized perhaps by the simplest cycle of 
all, resulting in low investment cost and highest reliability. 

The reliability which is of great importance will be mostly 
influenced by the only equipment which may contain moving parts (with the 
exception of valves) i.e., the compression equipment. It is of importance, 
therefore, to review the presently available compression (vacuum-pumping) 
methods and equipment in order to select the best candidate for immediate 
use and to identify problem areas where development work may effect a 
favor ab le return. 

A .  Positive Displacement Compressors 

The most straightforward approach is, of course, to employ com- 
mercially available, positive displacement vacuum pumps compressing the 
hydrogen gas from triple point pressure to ambient, discharging the 
hydrogen -- after reasonable safety precautions are taken (for example, 
burning or sufficient dilution) -- to the atmosphere. Commercially 
available positive displacement compressors, however, could not accept 
the hydrogen at triple point temperature for several reasons, and therefore 
a suitable heat source and heat exchanger equipment would be needed to 
warm up the hydrogen gas to an acceptable inlet temperature level. 

This, of course, is undesirable from the point of view of energy 
consumption. The horsepower needed to compress w lb/sec. ideal gas 
isotropically can be expressed by the following formula: 

k- 1 - 
- 1 1  

w k 1545 Pout 1 
[ (  p) HP= --- 

in 550 k-1 M Tinlet 

It can be seen that the power requirement is directly propor- 
tional to the inlet temperature in case of a single stage machine. This 
consideration is important, not only because of the operating cost but also 
because the investment cost of motor-driven reciprocating compressors and 
vacuum pumps is (nearly) proportional to the horsepower input. Therefore, 
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t h e r e  i s  a d e f i n i t e  i n c e n t i v e  t o  u t i l i z e  compressors which are capab le  of 
compressing low tempera ture  g a s ,  p r e f e r a b l y  wi thou t  any warming up. It i s  
b e l i e v e d  that s u i t a b l y  des igned  r e c i p r o c a t i n g  machines could f u l f i l l  t h i s  
c o n d i t i o n .  A f t e r  a l l ,  he l ium r e c i p r o c a t i n g  engines  were s u c c e s s f u l l y  
developed working i n  t h e  10-20°K temperature range .  
work i s  b e l i e v e d  t o  be  modest. Ma te r i a l  s e l e c t i o n ,  l u b r i c a t i o n ,  thermal  
i n s u l a t i o n ,  and s u i t a b l e  v a l v e  d e s i g n  would b e  t h e  development t a r g e t s .  

The r e q u i r e d  development 

B .  E j ec t o r s  

High r e l i a b i l i t y  i s  t h e  s t r o n g e s t  c l a i m  which f avor s  t h e  e j e c t o r  
due t o  t h e  l a c k  of moving p a r t s .  Unfor tuna te ly ,  t h i s  dev ice  i s  known t o  
have a n o t o r i o u s l y  low e f f i c i e n c y .  Indeed, t h e  c o s t  p e n a l t y  i s  s o  h igh  
us ing  e j e c t o r s  w i t h  ( n e a r l y  atnbient) hydrogen i n l e t  t empera ture  t h a t ,  u n l e s s  
s p e c i a l  c o n s i d e r a t i o n  f avor s  them, t h e s e  dev ices  should not  be  contempla ted .  
S p e c i a l  c o n s i d e r a t i o n  may inc lude  a v a i l a b i l i t y  of  medium p r e s s u r e  steam 
(approximate ly  100 p s i a )  and in f r equen t  o p e r a t i o n .  

The s i t u a t i o n  would be  cons ide rab ly  improved i f  an  e j e c t o r  cou ld  
be  developed which would be a b l e  t o  work w i t h  t r i p l e  p o i n t  tempera ture  
hydrogen g a s .  I n v e s t i g a t i o n  of l i t e r a t u r e  of b a s i c  (References 2 and 3)  
and of a p p l i e d  n a t u r e  (Reference 4 )  r evea led  no b a s i c  o b s t a c l e  t o  deve loping  
such  a d e v i c e .  The r e q u i r e d  development work i s  be l i eved  t o  be  r e l a t i v e l y  
s m a l l .  It would be mostly a n a l y t i c a l  w i t h  few key experiments performed. 

C .  Dynamic Compressors 

C e n t r i f u g a l  compressors a r e  favored  by h igh  r e l i a b i l i t y ,  h igh  
e f f i c i e n c y ,  and, above a c e r t a i n  horsepower range ,  by lower p r i c e s  i n  com- 
p a r i s o n  w i t h  t h e  p o s i t i v e  displacement d e v i c e s .  

It w a s  t h e r e f o r e  examined t o  de te rmine  whether t h e  contemplated 
flow ra te  (270 l b / h r . *  hydrogen gas )  i n  t h e  r e q u i r e d  compression r a t i o  
would r e s u l t  i n  a n  a c c e p t a b l e  number of s t a g e s ,  i m p e l l e r  d iameter  and 
o p e r a t i n g  speeds .  

I 

A f t e r  some e x p l o r a t o r y  c a l c u l a t i o n s ,  i t  was e s t a b l i s h e d  t h a t  t h e  
number of s t a g e s  would be f o u r .  The nex t  s t e p  was t o  c a l c u l a t e  t h e  r e q u i r e d  
o p e r a t i n g  speed and i m p e l l e r  diameter r e s u l t i n g  i n  r easonab le  e f f i c i e n c y .  
It i s  known t h a t  t h e  e f f i c i e n c y  of t u rbo  compressors i s  (mainly) a f u n c t i o n  
of t h e  s o - c a l l e d  s p e c i f i c  speed: 

* NOTE: These c a l c u l a t i o n s  were made b e f o r e  t h e  1,500 l b .  p e r  hour 
p roduc t ion  r a t e  was e s t a b l i s h e d .  
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- 
NS - 3 / 4  

Had 

where N = speed rpm 

3 
V = f t .  i n l e t  f l o w  - f t  I s e c .  i n l e t  

f t  l b f  

m l b  = a d i a b a t i c  head Had 

and s p e c i f i c  d i ame te r  

where D = i m p e l l e r  diameter - f t .  

For a g iven  set  of ope ra t ing  c o n d i t i o n s ,  t h a t  i s ,  vo lumet r i c  
i n l e t  flow, a d i a b a t i c  head, t h e r e  i s  a unique v a l u e  of s p e c i f i c  speed and 
s p e c i f i c  d iameter  where t h e  e f f i c i e n c y  i s  t h e  h i g h e s t .  

It i s  customary t o  d i v i d e  t h e  t o t a l  compression r a t i o  e q u a l l y  
between s t a g e s  f o r  an  a p p l i c a t i o n  where i n t e r c o o l i n g  i s  p o s s i b l e .  A s  can 
b e  s e e n  i n  t h e  fo l lowing ,  t h i s  method i s  u n a t t r a c t i v e  f o r  t h e  s l u s h  
hydrogen p roduc t ion  a p p l i c a t i o n  due t o  t h e  f a c t  t h a t  t h e  s u c c e s s i v e  s t a g e s  
would r e q u i r e  h i g h e r  and h ighe r  o p e r a t i n g  speeds and smaller and smaller impel, 
d i a m e t e r s .  I n  t h e  examined case ,  a s p e c i f i c  speed of 60 w a s  s e l e c t e d  i n  
o r d e r  t o  keep t h e  r o t a t i o n a l  speed low. The reduced d i ame te r  i s  2.4,  

aerodynamic d e s i g n .  (See Reference 5 ) .  

1 
which w i l l  a s s u r e  an  e f f i c i e n c y  of about 70 p e r  c e n t  w i t h  a s u i t a b l e  ( 

The s i t u a t i o n  i s  similar i f  t h e  compression r a t i o  i s  p r o g r e s s i v e l y  
reduced a t  h ighe r  s t a g e s .  The fo l lowing  t a b u l a t i o n  shows t h e  r e s u l t  of t h e  , 
d e s c r i b e d  approaches.  
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STAGE 

The inlet temperature was calculated according to the following 
formula. 

k- 1 -1 - 
‘2lp1 k 

q(n- 1) 
(n- 1) 1 = T  Tn 1 

0 = Stage inlet temperature - R 

= Inlet temperature of the preceding stage - R 

Tn 1 where 
0 

(n- 1) 1 T 

(p /P ) = 2 1  

T(n-1) = Efficiency of the preceding stage 

Compression ratio 

After examining several possible compression distributions, it 
was found that the most practical case is where the compression ratio and 
the operating speed are constant. In that case, the specific speed and 
the specific diameter will be changing from stage to stage. The following 
tabulation shows the unoptimized result of this approach. The flow rate 
of the compressor was increased to 500 lb/hr. in order to bring the 
operating speed to a commercially accepted level. 

HEAD 
ft-lbf 

1MP.DIA. INLET VOLUME SPEED 
RPM inch - S - DS 

Tinlet 3 COMPR. lb 
U T  IO m R ft Jsec. 0 

Equal compression ratio. Constant RPM. 

1 1.948 1.4 x 10 24.8 

2 1.948 1.88 x 10 37.9 

3 1.948 2.35 x 10 49.8 

4 1.948 3.06 x 10 62.2 

It is believed that 
be arrived at having constant 

Flow Rate 500 lb/hr. 

17.8 35,000 6.75 114 1.45 

11.9 35,000 6.95 75 2 

8 35 , 000 6.26 52 2.5 

5.35 35,000 7.5 35 4 

with some further work an optimum design could 
operating speed and impeller diameter. 

This compressor could be developed with a relatively small effort. 
Most of the work would have to be concentrated on mechanical development. 
The spinoff of this development t o  industry might be significant. 
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S ince  t h e  e f f i c i e n c y  of t h e  c o l d  compression equipment i s  of 
secondary importance,  t h e  r e l a t i v e  mer i t  of t h e  s o - c a l l e d  r e g e n e r a t i v e  o r  
p e r i p h e r a l  compressor w a s  a l s o  examined. This  t ype  of compression equip- 
ment i s  known t o  have low speed requi rements .  The fo l lowing  t a b u l a t i o n ,  
which i s  based on equa l  compression r a t i o ,  w a s  worked ou t  by us ing  d e s i g n  
d a t a  and c h a r t s  as p e r  References 6 and 7. 

REGENERATIVE COMPRESSOR 

HEAD 
f t - l b f  INLET VOLUME SPEED COMF'R. - -  T i n l e t  .. 

RPM 5 
STAGE RATIO m OR f t  /sec. Lb -- 
Equal compression r a t i o .  Constant RPM. Flow ra te  270 l b / h r .  

1 1.948 1 . 4  x 10 24.8 9.75 13 , 000 

2 1.948 2.24 x 10 38.4 7.75 13,000 

3 1.948 3.58 x 10 60 6.28 13 , 000 

4 1.948 5.38 x 10 96 5.16 13 , 000 

IMF'.DIA. 
inch  

9 .8  

9 .8  

11 

10.7 

S 
D - S 

N - 

30 2 .8  

18.8 3 .6  

12 .3  5 

8 .35  6 



! 
82.  

D. Summary 

The findings of the compression equipment study are summarized 
in the following tabulation. 

Does It Require 
Development Work 

HP No. of 
(Normalized ,)- Stages Remarks TYPE OF COMPRESSOR 

Warm, positive 
displacement 1 1 or 2 

18.75 2 or 3 

No 

No Warm, eject or 

Cold, positive 
displacement Sma 11 amount of 

development wor k 
only. 

0.047 1 Yes 

Cold, ejector 
= .15 ounce Promising. Basic 

analytical and 
experimental work 
is indicated. 
Disadvantages : 
Fluid is contaminated 
Effluent is diluted. 

0.236 1 or 2 Yes 

Cold, centrifugal 0.0885 4 Yes For flow quantities 
larger than 500 lb/hr 
H pumped. 

Fallout for industry 
is expected. Medium 
size effort mostly 
on the field of 
mechanical develop- 
ment. 

2 

Cold, regenerative 0.183 3 or 4 Yes For flow quantities 
larger than 100 lb/hr 

Positive displacement compressors are readily available for the 
specified operating conditions. 
ment and the additional heat exchange equipment to warm up the gas from 
triple point temperature to (nearly) ambient temperature. 

Disadvantage is a large horsepower require- 



A small amount of development work w i l l  b e  r e q u i r e d  only t o  
d e s i g n  a c o l d ,  p o s i t i v e  d isp lacement  compressor. It i s  b e l i e v e d  t h a t  
coope ra t ion  between a commercial r e c i p r o c a t i n g  compressor manufacturer 
and a c ryogenic  f i r m w o u l d  b r i n g  t h e  b e s t  and q u i c k e s t  r e s u l t s .  These 
two p o s s i b i l i t i e s  should be  cons idered  f o r  t h e  p r e s e n t  a p p l i c a t i o n .  

Should t h e  s l u s h  requirement be  c o n s i d e r a b l y  h i g h e r ,  i n v e s t i g a t i o n  
and development of o t h e r  vacuum pumping schemes should  b e  made. 
i n  t h i s  ca t egory  are t h e  co ld  e j e c t o r ,  c o l d  c e n t r i f u g a l ,  and co ld  regen- 
e r a t i v e  compressor. While t h e  c o l d  e j e c t o r  might be  t h e  most p r a c t i c a l  
answer f o r  q u a n t i t i e s  somewhat l a r g e r  t han  t h e  p r e s e n t ,  f o r  ve ry  l a r g e -  
s c a l e  s l u s h  hydrogen p roduc t ion  t h e  co ld  c e n t r i f u g a l  and r e g e n e r a t i v e  
compressor could  undoubtedly a s s u r e  h igher  e f f i c i e n c i e s .  

Candida tes  

It should a l s o  be noted t h a t ,  w h i l e  t h e  e j e c t o r  i s  b a s i c a l l y  an  
open c y c l e  d e v i c e ,  t h e  c e n t r i f u g a l  and r e g e n e r a t i v e  compressors could work 
i n  a c l o s e d  c y c l e ;  t h a t  i s ,  t h e  b o i l o f f  hydrogen gas  would not be wasted 
bu t  i t  could be r e c y c l e d .  Although t h i s  may be  f a r  i n  t h e  f u t u r e ,  t h e s e  
d e v i c e s  could  be  u t i l i z e d  f o r  e x t r a t e r r e s t r i a l - b a s e d  hydrogen s l u s h  pro- 
d u c t i o n .  I n  t h i s  case, a n  o v e r a l l  system weight r e d u c t i o n  would a l s o  
r e s u l t  w i th  dynamic compressor. 

1. . . ..- . . . . - .. . 
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k- 1 
1 
- 

-1 1 
P 

[ (p Out ) 
W k 1545 H P = %  - - 

i n  k- 1 M T i n l e t  
Eq. 1 

N = Ni- 
3 / 4  S 

Had 

where N = speed RPM 
Eq. 2 

= a d i a b a t i c  h e a t  f t  lb,  Had & 

m l b  

L 
n =  - 

Eq. 3 

where D = i m p e l l e r  d iameter  f t .  

k- 1 - 

S t a  e - 
where Tn 1 - GZ% temperature .  0 R 

Eq. 4 
= I n l e t  temperature  of  t h e  preceding  s t a g e  0 R (n-1) 1 T 

= Compression r a t i o  

T(n- 1) = E f f i c i e n c y  of  t h e  preceding  s t a g e  
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APPENDIX I1 

SLUSH STORAGE CONCEPT 

i 1. 

~ 

I 
I 

2.  

I 
I 3 .  
I 

4. 

The fo l lowing  i s  a p re l imina ry  concept of t h e  f a c i l i t i e s  r e q u i r e d  
f o r  s t o r i n g  s l u s h  hydrogen a t  E/STS 2-3, Jackass  F l a t s ,  Nevada. 

Reference - “ C r i t e r i a  f o r  Budgetary Study f o r  Eng ine l s t age  Test Stand 2-3” 

A .  Summary o f  F l u i d  Requirements 

Basis - One 30 minute t es t  run  (See c r i t e r i a ,  F i g .  111-14, 
F ig .  111-17 ,  Table 111-3) 

OPERATION 

Cooldown module tank .  

F i l l  module t ank .  

S t a r t - u p  and run .  

Shut down. 

METHOD FLUID CONSUMED 

SLUSH - LH2 

P r e s s u r e  t r a n s f e r  LH from 31,000 l b .  
s t o r a g e ,  b o i l  i n  module 
and v e n t .  

2 
- 

P r e s s u r e  t r a n s f e r  s l u s h  6,000 l b .  266,000 l b .  
from s t o r a g e .  

P r e s s u r e  t r a n s f e r  s l u s h  13,500 l b .  361,400 l b .  
from s t o r a g e .  

P r e s s u r e  t r a n s f e r  LH 2 42,000 l b .  - 
from s t o r a g e .  

92,500 l b .  627,400 l b .  

LH r e s e r v e  20% 

S lush  r e s e r v e  5% 

2 

T o t a l  f l u i d  i n  s t o r a g e  

18,500 l b .  - 
- 32,600 l b .  

111,000 l b .  660,000 l b .  
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B. S to rage  Concept 

The l i q u i d  hydrogen w i l l  be s t o r e d  i n  one 200,000 g a l l o n  t ank  
(No. 1 i n  F igu re  1 8 ) .  
above t h e  maximum a n t i c i p a t e d  p res su re  i n  t h e  module t ank  and w i l l  be 
provided w i t h  a pump and vapor i ze r  t o  provide  c o l d  H gas  f o r  t h e  f a c i l i t y .  
I n  a d d i t i o n  t o  t h e  o p e r a t i o n s  l i s t e d  above, t h i s  tang w i l l  supply  LH2 and 
c o l d  gas  t o  t h e  s l u s h  p roduc t ion  p l a n t .  

This t ank  w i l l  have a working p r e s s u r e  s l i g h t l y  

The 440,000 g a l l o n  t ank  (No. 2) w i l l  supply only t h e  s l u s h  
r e q u i r e d  t o  f i l l  t h e  modular t ank  (Operation No. 2). It may have a low 
working p r e s s u r e ,  on ly  enough t o  g ive  a n  a c c e p t a b l e  t r a n s f e r  r a t e  d u r i n g  
f i 1 l i n g .  

Tank No. 3 of 600,000 g a l l o n  c a p a c i t y  w i l l  be connected i n  
p a r a l l e l  w i t h  t h e  module du r ing  t h e  test  run .  
be s l i g h t l y  above t h e  maximum a n t i c i p a t e d ,  p r e s s u r e  i n  t h e  module t ank .  

The working p r e s s u r e  w i l l  

I 

An a d d i t i o n a l  l i n e  w i t h  a sc reened  e n t r a n c e  w i l l  be provided i n  
t h e  s l u s h  t anks  ( 2  and 3 )  t o  permi t  d r a i n a g e  of t r i p l e  po in t  l i q u i d  back 
t o  t h e  s l u s h  p l a n t .  

Tanks 2 and 3 can  of course  be used f o r  s t o r a g e  of conven t iona l  
l i q u i d  hydrogen, t r i p l e  p o i n t  l i q u i d  o r  s l u s h  a s  r e q u i r e d .  

C .  C a l c u l a t i o n s  

Opera t ion  No. 1 Assume p r e s s u r e  t r a n s f e r  of LH a t  3 p s i g  2 u s i n g  c o l d  H gas .  2 
3 Gas d e n s i t y  = 0.101 l b / f t .  

7 1 , 0 0 0  l b .  Aluminum x 7 5  BTU/lb.Al = 27,600 l b .  LH2 
193 BTU/ l b  . LH2 

Add 10% f o r  p ip ing ,  e t c .  2 ,760  

30,360 x 0 .101  
4 . 4 2  

30,360 

690 - - 
31,050 l b .  LH, 
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FIGURE 18 
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C .  C a l c u l a t i o n s  - con td .  

Opera t ion  No. 2 

230,000 l b s .  LH2 x - = 266,000 l b .  s l u s h  5 .13  
4.42 

Assume p r e s s u r e  t r a n s f e r  a t  3 p s i g  u s i n g  c o l d  H gas.  

0.101 
266,000 x 5.13 

2 

= 5,250 l b .  LH2 

120 - - 0.101 
5,250 x E 

Add 10% f o r  losses, etc.  537 

5,907 l b .  LH2 

Opera t ion  No. 3 

Run 343 l b . / s e c  x 1,800 sec = 617,400 l b .  slush 
S t a r t u p  

Less s l u s h  i n  module tank  

10,000 
627,400 

- 266,000 

361,400 l b  . s l u s h  

Assume p r e s s u r e  t r a n s f e r  a t  15 p s i g  us ing  co ld  H g a s .  2 

3 Gas d e n s i t y  = 0.168 l b . / f t .  

361,400 x 0.168 
5 .13  

- - 11,800 l b .  LH2 

450 - 11,800 x 0.168 - 
4 -42 

Add 10% f o r  l o s s e s ,  e t c .  1,225 

13,475 l b .  LH, 



C.  Ca lcu la t ions  - contd .  

Opera t ion  No. 4 

Assume p r e s s u r e  

From "Cr i t e r i a "  

t r a n s f e r  a t  15 p s i g  us ing  co ld  H gas .  2 

page 111-20 

37,000 x 0.168 
4.42 

Add 10% f o r  l o s s e s ,  e t c .  

37,000 l b .  LH2 

1 , 400 

3,830 

42,230 l b .  LH2 
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